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1. INTRODUCTION

This example is part of a series of design examples sponsored by the Federal Highway
Administration. The design specifications used in these examples is the AASHTO LRFD Bridge design
Specifications. The intent of these examples is to assist bridge designers in interpreting the
specifications, limit differences in interpretation between designers, and to guide the designers through
the specifications to allow easier navigation through different provisions. For this example, the Second
Edition of the AASHTO-LRFD Specifications with Interims up to and including the 2002 Interim is
used.

This design example is intended to provide guidance on the application of the AASHTO-LRFD
Bridge Design Specifications when applied to prestressed concrete superstructure bridges supported on
intermediate multicolumn bents and integral end abutments. The example and commentary are intended
for use by designers who have knowledge of the requirements of AASHTO Standard Specifications for
Highway Bridges a the AASHTO-LRFD Bridge Design Specifications and have designed at least one
prestressed concrete girder bridge, including the bridge substructure. Designers who have not designed
prestressed concrete bridges, but have used either AASHTO Specification to design other types of
bridges may be able to follow the design example, however, they will first need to familiarize themselves

with the basic concepts of prestressed concrete design.

This design example was not intended to follow the design and detailing practices of any
particular agency. Rather, it is intended to follow common practices widely used and to adhere to the
requirements of the specifications. It is expected that some users may find differences between the
procedures used in the design compared to the procedures followed in the jurisdiction they practice in
due to Agency-specific requirements that may deviate from the requirements of the specifications. This
difference should not create the assumptionthat one procedure is superior to the other.

Task Order DTFH61-02-T-63032 11
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Reference is made to AASHTO-LRFD specifications article numbers throughout the design
example. To distinguish between references to articles of the AASHTO-LRFD specifications and
references to sections of the design example, the references to specification articles are preceded by the
letter “S’. For example, S5.2 refers to Article 5.2 of AASHTO-LRFD specifications while 5.2 refers to
Section 5.2 of the design example.

Two different forms of fonts are used throughout the example. Regular font is used for
calculations and for text directly related to the example. Italic font is used for text that represents
commentary that is genera in nature and is used to explain the intent of some specifications provisions,
explain a different available method that is not used by the example, provide an overview of general

acceptable practices and/or present difference in application between different jurisdictions.

Task Order DTFH61-02-T-63032 1-2
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2. EXAMPLE BRIDGE

2.1 Bridge geometry and materials

Bridge super structure geometry

Superstructure type:

Spans:
Width:

Railings:
Skew:
Girder spacing:

Girder type:

Strand arrangement:
Overhang:

Intermediate diaphragms:

Reinforced concrete deck supported on simple span prestressed girders made
continuous for live load.

Two spans at 110 ft. each

55'-4 %7 total

52'-0” gutter line-to-gutter line (Three lanes 12'- 0" wide each, 10 ft. right
shoulder and 6 ft. left shoulder. For superstructure design, the location of the
driving lanes can be anywhere on the structure. For substructure design, the
maximum number of 12 ft. wide lanes, i.e., 4 lanes, is considered)

Concrete Type F-Parapets, 1'- 8 V4" wide at the base

20 degrees, valid at each support location

9-8"

AASHTO Type VI Girders, 72 in. deep, 42 in. wide top flange and 28 in. wide
bottom flange (AASHTO 28/72 Girders)

Straight strands with some strands debonded near the ends of the girders
3'-6 ¥4" from the centerline of the fascia girder to the end of the overhang

For load calculations, one intermediate diaphragm, 10 in. thick, 50 in. deep, is
assumed at the middle of each span.

Figures 2-1 and 2-2 show an elevation and cross-section of the superstructure, respectively. Figure 2-3
through 26 show the girder dimensions, strand arrangement, support locations and strand debonding

|ocations.

Typically, for a specific jurisdiction, a relatively small number of girder sizes are available to select from.
The initial girder size is usually selected based on past experience. Many jurisdictions have a design aid
in the form of a table that determines the most likely girder size for each combination of span length and
girder spacing. Such tables developed using the HS-25 live loading of the AASHTO Sandard
Soecifications are expected to be applicable to the bridges designed using the AASHTOLRFD

Soecifications.

Task Order DTFH61-02-T-63032 2-1
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The strand pattern and number of strands was initially determined based on past experience and
subsequently refined using a computer design program. This design was refined using trial and error
until a pattern produced stresses, at transfer and under service loads, that fell within the permissible
stress limits and produced load resistances greater than the applied loads under the strength limit states.
For debonded strands, $5.11.4.3 states that the number of partially debonded strands should not exceed
25 percent of the total number of strands. Also, the number of debonded strands in any horizontal row
shall not exceed 40 percent of the strands in that row. The selected pattern has 27.2 percent of the total
strands debonded. This is dlightly higher than the 25 percent stated in the specifications, but is
acceptabl e since the specifications require that this limit “ should” be satisfied. Using the word “ should”
instead of “ shall” signifies that the specifications allow some deviation from the limit of 25 percent.

Typically, the most economical strand arrangement calls for the strands to be located as close as possible
to the bottom of the girders. However, in some cases, it may not be possible to satisfy all specification
requirements while keeping the girder size to a minimum and keeping the strands near the bottom of the
beam. Thisis more pronounced when debonded strands are used due to the limitation on the percentage
of debonded strands. In such cases, the designer may consider the following two solutions:

Increase the size of the girder to reduce the range of stress, i.e., the difference between the stress
at transfer and the stress at final stage.
Increase the number of strands and shift the center of gravity of the strands upward.

Either solution results in some loss of economy. The designer should consider specific site conditions
(e.g., cost of the deeper girder, cost of the additional strands, the available under-clearance and cost of
raising the approach roadway to accommodate deeper girders) when determining which solution to
adopt.

Bridge substructure geometry

Intermediate pier: Multi-column bent (4 — columns spaced at 14'-1")
Spread footings founded on sandy soil
See Figure 2-7 for the intermediate pier geometry

End abutments:  Integral abutments supported on one line of steel Hpiles supported on bedrock. U
wingwalls are cantilevered from the fill face of the abutment. The approach dab is
supported on the integral abutment at one end and a sleeper dab at the other end.

See Figure 2-8 for the integral abutment geometry

Task Order DTFH61-02-T-63032 2-2
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Materials

Concrete strength
Prestressed girders.  Initia strength at transfer, f¢; = 4.8 ksi
28-day strength, f¢ = 6 ksi

Deck slab: 4.0Kksi

Substructure: 3.0ksi

Railings: 3.5ksi

Concrete elastic modulus (calculated using S5.4.2.4)
Girder fina eastic modulus, E = 4,696 ks
Girder elastic modulus at transfer, E; = 4,200 ksi
Deck dab elastic modulus, Es =3,834 ks

Reinforcing stedl
Yield strength, fy =60 ksi

Prestressing strands
0.5 inch diameter low relaxation strands Grade 270

Strand area, Ags = 0.153ir?
Steel yield strength, fy =243 ksi
Steel ultimate strength, fou =270ksi

Prestressing steel modulus, §, = 28,500 ksi

Other parameters affecting girder analysis

Time of Transfer =1day
Average Humidity =70%
110'-0" , 110'-0"
| | |
’J Foed AT T L‘
H-Piles /
22'-0" Integral
Abutment

)

Figure 2-1 — Elevation View of the Example Bridge
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55' - 4 1/2" Total Width
52' Roadway Width

1-8 1/4
/[110 5spaat9 -8"

—

8 Reinforced Concrete Deck ‘

TIW

Figure 2-2 — Bridge Cross-Section

2.2 Girder geometry and section properties

Basic beam section properties

Beam length, L =110ft.—6in.
Depth =72in.
Thickness of web =8in.

Area, A =1,085ir?
Moment of inertia, Ig = 733,320 ir*
N.A. to top, % =35.62in.
N.A. to bottom, y, =36.38in.
Section modulus, Srop = 20,588 in®
Section modulus, Ssor = 20,157 i’
CGS from bottom, at O ft. =5.375in.
CGS from bottom, at 11 ft. =5.158in.
CGS from bottom, at 54.5 ft. =5.0in.

P/S force eccentricity at O ft., ey =31.005in.

P/S force eccentricity at 11 ft., ;1 =31.222in.
P/S force eccentricity at 54.5 ft, es4a5 = 31.380 in.

Interior beam composite section properties
Effective slab width =111 in. (see calculations in Section 2.3)

Deck dlab thickness =8in. (includes %2 in. integral wearing surface which is not included in the
calculation of the composite section properties)

Task Order DTFH61-02-T-63032 2-4
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Haunch depth =4in. (maximum value - notice that the haunch depth varies along the
beam length and, hence, is ignored in calculating section properties
but is considered when determining dead |oad)

Moment of inertia, I. = 1,384,254 in’
N.A. to slab top, Y« =27.961n.
N.A. to beam top, Wc =20.46in.

N.A. to beam bottom, yi =51.541n.

Section modulus, Srop a8 = 49,517 in®
Section modulus, Srop seam = 67,672 in°
Section modulus, Sgot seam = 26,855 in°

Exterior beam composite section properties

Effective Slab Width =97.75in. (see calculations in Section 2.3)

Deck dlab thickness =8in. (includes %2 in. integral wearing surface which is not included in the
calculation of the composite section properties)

Haunch depth =4in. (maximum value - notice that the haunch depth varies along the
beam length and, hence, is ignored in calculating section properties
but is considered when determining dead |oad)

Moment of inertia, I. = 1,334,042 in’
N.A. to slab top, Y« =29.12in.
N.A. to beam top, Wc =21.62in.

N.A. to beam bottom, yi =50.38in.

Section modulus, Srop g.a8 = 45,809 in®
Section modulus, Srop seam = 61,699 in®
Section modulus, Sgot seam = 26,481 in°

Task Order DTFH61-02-T-63032 2-5
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U1 -

4" 13—
3 —1
4 —]

|e——10"—]

5spa @ 2"

Figure 2-3 — Beam Cross-Section Showing 44 Strands

CL of End Abutment
CL of Bearing
Pier

and CL of Bearing

CL Intermediate

P
b

109'-0" = Span for Noncomposite Loads

Q

110'-0" = Span for Composite Loads

Figure 2-4 — General Beam Elevation
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N

Prestressed Concrete Bridge Design Example

N

+4+ +
+++ + + Location of + 4+ 4+ + + Location of
d++OD+ 4+ 4 |P/SForce + PP+ ++ + |pisForce
++QO++@++ | o +OO+++++ | &
++00++B++ | & +OB+++++ | O
Section A-A Section B-B

+
-+
-+

N

+ ++ +
+  +4+++ 4+

Location of

+++++4+++ <+ P/S Force

+++++++++++

+ - Bonded Strand
& - Debonded Strand

For location of Sections A-A,

Section C-C

B-B and C-C, see Figure 2-5

Figure 2-6 —Beam at Sections A-A, B-B, and C-C
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5 spa @ 10'-7 7/16" along the skew

Cap 4'x 4'\‘
N
i 3
N
5} ) @
5 B — l«—3'-6" Dia. =
N 2 (TYP) p
N ) o 2
& g 5
3 X b
- —
(®) ®]
12'x 12
footing (TYP.)
™
4'-8 5/8" 3 spa @ 14'-1" along the skew 4'-8 5/8"

Figure 2-7 — Intermediate Bent

Girder Approach Expansion
/ / Slab / Joint |
/
, [ :
T N \ :
~—End of Highway
Sleeper Pavement

girder
Slab

Construction / H-Piles

Joint

LAl
—_ N

Bedrock

Figure 2-8 —Integral Abutment
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2.3 Effective flange width ($4.6.2.6)

Longitudinal stresses in the flanges are distributed across the flange and the composite deck slab by in-
plane shear stresses, therefore, the longitudinal stresses are not uniform. The effective flange width is a
reduced width over which the longitudinal stresses are assumed to be uniformly distributed and yet result
in the same force as the non-uniform stress distribution if integrated over the entire width.

The effective flange width is calculated using the provisions of $4.6.2.6. See the bulleted list at the end of
this section for afew $4.6.2.6 requirements. According to $4.6.2.6.1, the effective flange width may be
calculated as follows:

For interior girders:
The effective flange width is taken as the least of the following:

One-quarter of the effective span length =0.25(82.5)(12)
=2475in.

12.0 times the average thickness of the dlab,

plus the greater of the web thickness =12(7.5) +8=104in.

or

one-half the width of the top flange of the girder = 12(7.5) + 0.5(42)
=111in.

The average spacing of adjacent beams =9ft- 8in.or 116in.

The effective flange width for the interior beam is 111 in.

For exterior girders:
The effective flange width is taken as one- half the effective width of the adjacent interior girder plusthe
least of :

One-eighth of the effective span length =0.125(82.5)(12)
=123.75in.

6.0 times the average thickness of the dab,

plus the greater of half the web thickness =6.0(7.5) + 0.5(8)
=49in.

or

one-quarter of the width of the top flange

of the basic girder =6.0(7.5) + 0.25(42)
=555in.

Task Order DTFH61-02-T-63032 2-10
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The width of the overhang =3 ft- 6Y4in. or 42.25 in.
Therefore, the effective flange width for the exterior girder is.

(111/2) + 42.25 = 97.75 in.

Notice that:
The effective span length used in calculating the effective flange width may be taken as the actual
span length for simply supported spans or as the distance between points of permanent dead load
inflection for continuous spans, as specified in $1.6.2.6.1. For analysis of I-shaped girders, the
effective flange width is typically calculated based on the effective span for positive moments and
is used along the entire length of the beam.

The dab thickness used in the analysis is the effective dlab thickness ignoring any sacrificial
layers (i.e., integral wearing surfaces)

$A.5 allows the consideration of continuous barriers when analyzing for service and fatigue limit
states. The commentary of $4.6.2.6.1 includes an approximate method of including the effect of the
continuous barriers on the section by modifying the width of the overhang. Traditionally, the effect
of the continuous barrier on the section isignored in the design of new bridges and isignored in
this example. This effect may be considered when checking existing bridges with structurally
sound continuous barriers.

Smple-span girders made continuous behave as continuous beams for all loads applied after the
deck slab hardens. For two-equal span girders, the effective length of each span, measured as
the distance from the center of the end support to the inflection point for composite dead loads
(load is assumed to be distributed uniformly along the length of the girders), is 0.75 the length of
the span.

Task Order DTFH61-02-T-63032 2-11



Design Step 3 — Design Flowcharts Prestressed Concr ete Bridge Design Example

3. FLOWCHARTS

Main Design Steps

Section in Example

Start )

A4
Determine bridge materials, span
arrangement, girder spacing,
bearing types, substructure type
and geometry, and foundation type

Design Step 2.0

Y
Assume deck slab
thlckngss based on girder Design Step 4.2

spacing and anticipated
girder top flange

Y
Analyze interior and exterior Design Step 4.2
girders, determine which ’
girder controls
Revise deck
slab thickness
A

Is the assumed
thickness of the slab
adequate for the girder
spacing and the girder
op flange width?

Design the Design Step 4.0
deck slab
A4
Design the controlling Design Steps 5.6
girder for flexure and shear and 5.7
Y
Design Design Step 6.0
bearings

®
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Main Design Steps (cont.)

Section in Example

Design integral _
abutments Design Step 7.1

A

Design intermediate )
pier and foundation Design Step 7.2

End

Task Order DTFH61-02-T-63032 3-2
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Deck Slab Design

Start

4
Assume a deck slab
thickness based on Design Step 4.2

girder spacing and width
of girder top flange

Section in Example

Y
Determine the location of the
critical section for negative

moment based on the girder
top flange width (S4.6.2.1.6)

Design Step 4.6

4
Determine live load )
positive and negative Design Step 4.7
moments (A4)

Y
Det_e_rmlne dead Iqad Design Steps 4.8
positive and negative and 4.9

moment

Y

Determine factored
moments (S3.4)

Design Step 4.8

Y
Design main
reinforcement for
flexure (S5.7.3)

| 4
Determine longitudinal
distribution reinforcement Design Step 4.12
(S9.7.3.2)
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Deck Slab Design (cont.)

Section in Example

For Slabs on Continuous Beams:

Steel beam - Determine area of longitudinal reinforcement in the
deck in negative moment regions of the girders (S6.10.3.7)
Concrete Simple Spans Made Continuous for Live Load -
Determine the longitudinal slab reinforcement at intermediate
pier areas during the design of the girders (S5.14.1.2.7b)

A J

Determine strip width for overhang (S4.6.2.1.3) .
or where applicable, use S3.6.1.3.4 Design Step 4.10

A
Determine railing load
resistance and rail moment

resistance at its base (S13.3)

Y

Design overhang reinforcement for
vehicular collision with railing + DL
(Case 1 and Case 2 of SA13.4.1)

\

Determine factored moments

from DL + LL on the overhang
(Case 3 0of SA13.4.1)

Y

Design overhang
reinforcement for DL + LL

Y
Determine the controlling case
for overhang reinforcement,
Case 1, Case 2 or Case 3

A J

Detail .
reinforcement Design Step 4.11

End
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General Superstructure Design
(Notice that only major steps are presented in this flowchart. More detailed flowcharts of the
design steps follow this flowchart)

Start

Y

Assume girder size
based on span and Design Step 2.0
girder spacing

\4

Determine noncomposite dead load
(girder, haunch and deck slab) for the Design Step 5.2
interior and exterior girders

Section in Example

Y

Determine composite dead load (railings,
utilities, and future wearing surface) for
the interior and exterior girders

Design Step 5.2

y

Determine LL distribution
factors for the interior and
exterior girders

Design Step 5.1

y

Determine unfactored Design Step 5.3
and factored force effects

Y

Determine the controlling girder
(interior or exterior) and continue
the design for this girder
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General Superstructure Design (cont.)

Determine long-term and
short-term prestressing
force losses

A J

Design for flexure under
Service Limit State

Y

Design for flexure under
Strength Limit State

A J

Design for shear under
Strength Limit State

Y

Check longitudinal reinforcement
for additional forces from shear

Did the girder
pass all design
checks and the calculations
indicate the selected girder size
leads to an economical
design?

Task Order DTFH61-02-T-63032

Prestressed Concr ete Bridge Design Example

Section in Example

Design Step 5.4

Design Step 5.6

Design Step 5.7

Select a different
girder size or
change strand
arrangement
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Live LoadDistribution Factor Calculations

Start

Y

Determine the type of cross-
section, Table S4.6.2.2.1-1

Section in Example

Design Step 5.1

Y

Determine the K Design Step 5.1.3
factor (S4.6.2.2.1

y

For skewed bridges, determine
the skew correction factor for
moment (if allowed by the
owner) (S4.6.2.2.2e) and for
shear (S4.6.2.2.3c)

Design Step 5.1.6

Y
Determine LL distribution factors
for moment for the interior girder
under single lane and multi-lane
loading (S4.6.2.2.2h)

Design Step 5.1.5

A 4
Determine LL distribution factor
for shear for the interior girder
under single lane and multi-lane
loading (S4.6.2.2.3a)

i

Apply the skew
correction factor

Design Step 5.1.7

Design Step 5.1.8
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Live LoadDistribution Factor Calculations (cont.)

Determine the controlling

(larger) distribution factors

for moment and shear for
the interior girder

4

Section in Example

Divide the single lane distribution factors by the multiple presence
factor for one lane loaded,1.2, to determine the fatigue distribution
factors (Notice that fatigue is not an issue for conventional P/S
girders. This step is provided here to have a complete general
reference for distribution factor calculations.)

Y
Repeat the calculations for
the exterior girder using
S4.6.2.2.2d for moment
and S4.6.2.2.3b for shear

4

Additional check for the
exterior girder for bridges
with rigidly connected girders

End
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Design Step 5.1.9

Design Step 5.1.10

Design Step 5.1.15
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Creep and Shrinkage Calculations

( Start )

A j
Calculate the creep coefficient, y (t, t), '
for the beam at infinite time according Design Step C1.2

t0 S5.4.2.3.2.

Section in Example

\
Calculate the creep coefficient, y (t,t), in the

beam at the time the slab is cast according
to S5.4.2.3.2.

Design Step C1.3

Y

Calculate the prestressed Design Step C1.4
end slope, g.

Y

Calculate the prestressed

creep fixed end actions Design Step C1.5

Y

Calculate dead load creep

fixed end actions Design Step C1.6

Y

Determine creep
final effects

Design Step C1.7
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Creep and Shrinkage Calculations (cont.)

Section in Example

Calculate shrinkage strain in beam at Design Step C2.1
infinite time according to S5.4.2.3.3.

Y

Calculate shrinkage strain in the beam at Design Step C2.2
the time the slab is cast (S5.4.2.3.3).

A J

Calculate the shrinkage strain in the slab at Design Step C2.3
infinite time (S5.4.2.3.3).

A J

Calculate the shrinkage Design Step C2.5
driving end moment, M,

A J

Analyze the beam for the
shrinkage fixed end actions

Design Step C2.6

y

Calculate the correction Design Step C2.7
factor for shrinkage

Y

Calculate the shrinkage Design Step C2.8
final moments

End
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Prestressing L osses Calculations

Determine the stress limit
immediately prior to transfer in
the prestressing strands for the
prestressing steel used (S5.9.3)

l

Prestressed Concr ete Bridge Design Example

Section in Example

Design Step 5.4.2

Determine Instantaneous Losses
(S5.9.5.2) for pretensioned
members, only Elastic Shortening
(S5.9.5.2.3a) is considered

Design Step 5.4.3

Will the lump
sum method or the refined
method for time-dependent
losses be used?

Lump Sum

Determine the
lump sum time-
dependent losses
(S5.9.5.3)

Task Order DTFH61-02-T-63032

Refined

Determine
shrinkage loss
(S5.9.5.4.2)

l

Determine
creep loss
(S5.9.5.4.3)

Design Step 5.4.6.1

Design Step 5.4.6.2

3-11



Design Step 3 — Design Flowcharts Prestressed Concr ete Bridge Design Example

Prestressing L osses Calculations (cont.)

Section in Example

Determine relaxation Determine losses due
loss at transfer to relaxation after Design Step 5.4.6.3
(S5.9.5.4.4b) transfer (S5.9.5.4.4c)
v Y
Determine time-dependent Determine total time-dependent Desian Step 5.4.7
Io_sses after transfer as thg total losses after transfer by adding creep, g p .4

time-dependent losses minus shrinkage and relaxation losses
relaxation losses at transfer

Y

\

Determine stress in strands
immediately after transfer as Design Step 5.4.4
the stress prior to transfer
minus instantaneous losses

\
Determine final stress in strands as
stress immediately prior to transfer minus
sum of instantaneous loss and time-
dependent losses after transfer

Design Step 5.4.8

End
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Flexural Design

Start

Y

Design controlling girder
(interior)

v

Detemine compression and
tension stress limits at transfer

A

Detemine final compression
and tension stress limits

Prestressed Concr ete Bridge Design Example

Section in Example

Design Step 5.6.1.1

Design Step 5.6.2.1

—
-

Y

Calculate initial service moment
stress in the top and bottom of
the prestressed girder

\

Calculate final service
moment stress in the top
and bottom of the
prestressed girder

NO

Design Step 5.6.1.2

Design Step 5.6.2.2

Are service
stresses within
stress limits?

Task Order DTFH61-02-T-63032

Select a different
girder size or change
strand arrangement
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Flexural Design (cont.)

@ Section in Example

Design the longitudnal Design Step 5.6.3
steel at top of girder

y

Calculate factored flexural
resistance, M,, at points of
maximum moment
(S5.7.3.1)

Design Step 5.6.4

Select a different
girder size or
change strand
arrangement

A

Check the nominal
capacity versus the
maximum applied
factored moment

Select a different
girder size or Design Step 5.6.4.1
change strand and 5.6.4.2
arrangement

Check the maximum
and minimum reinforcement
(S5.7.3.3.2)

Check negative moment
connection at
intermediate pier

Design Step 5.6.5.1
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Flexural Design (cont.)

Section in Example

Check moment capacity versus

the maximum applied factored Design Step 5.6.5.1

moment at the critical location
for negative moment.

Y

Check service crack control .
in negative moment region Design Step 5.6.5.1
(S5.5.2)

Y

Check positive moment

connection at intermediate pier Design Step 5.6.5.2

Y

Check fatigue in prestressed steel
(S5.5.3) (Notice that for conventional
prestressed beams, fatigue does not

need to be checked)

Design Step 5.6.6

Y

Calculate required camber in
the beams to determine Design Step 5.6.7.1
bearing seat elevations

Y

Determine the
haunch thickness

Design Step 5.6.7.2

Y

Calculate required camber ]
in the beams to determine Design Step 5.6.7.3
probable sag in bridge
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Flexural Design (cont.)

Section in Example

Optional live load
deflection check
(S2.5.2.6.2)

Design Step 5.6.8

End
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Shear Design — Alternative 1, Assumed Angle ?

Section in Example
Start

Y

Determine b, and d, Design Step 5.7.2.1
Eq. S5.8.2.9

Y

Calculate Vp

A

Calculate shear stress

ratio, v /f', Design Step 5.7.2.2

A

If the section is within the
transfer length of any
strands, calculate the

average effective value of fpo

Design Step 5.7.2.5

Y

If the section is within the
development length of any
reinforcing bars, calculate the
effective value of A_

Design Step 5.7.2.5

Y

Assume value of shear

crack inclination angle q Design Step 5.7.2.5

<

Y

Calculate e, using Eq.
S5.8.3.4.2-1
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Prestressed Concr ete Bridge Design Example

Shear Design — Alternative 1, Assumed Angle ? (cont.)

Is assumed value of
g greater than the value
determined based on
calculated g?

Is assumed value of
g too conservative, i.e.,

Section in Example

Use the value last
determined for q

A

YES

too high?

NO

-l
<%

Y

Determine transverse
reinforcement to ensure
V,<=fV, Eq.S5.8.3.3

Y

Check minimum and
maximum transverse
reinforcement requirements
S5.8.2.5 and S5.8.2.7

Design Step 5.7.2.5

Design Step 5.7.2.3
and 5.7.2.4

Can longitudinal
reinforcement resist
required tension?
Eqg. S5.8.3.5

Task Order DTFH61-02-T-63032

Design Step 5.7.6
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Shear Design — Alternative 1, Assumed Angle ? (cont.)

Section in Example

Check bursting resistance

Desi 7.4
(S5.10.10.1) esign Step 5

Can you use excess
shear capacity to reduce
the longitudinal steel
requirements in
Eqg. S5.8.3.5-1?

Y

Choose values of g and b

corresponding to larger e,,
Table S5.8.3.4.2-1

Provide additional |
longitudinal reinforcement

Y

Check confinement
reinforcement (S5.10.10.2)

Design Step 5.7.5

Y
Check horizontal shear at
interface between beam Design Step 5.7.7
and deck (S5.8.4)

End
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Shear Design — Alternative 2, Assumed Strain e

Section in Example
Start

A

Determine b, and d, Design Step 5.7.2.1
Eg. S5.8.2.9
\
Calculate Vp
\
Calculate shear stress Design Step 5.7.2.2
ratio, v /f',

Y

If the section is within the
transfer length of any
strands, calculate the

average effective value of fpo

Design Step 5.7.2.5

A

If the section is within the
development length of any
reinforcing bars, calculate the
effective value of A,

Design Step 5.7.2.5

A

Assume value of e, and take g
» and b from corresponding cell of |«
Table S5.8.3.4.2-1

Y

Calculate e, using Eq. Design Step 5.7.2.5
S5.8.3.4.2-1

@ ©
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Shear Design — Alternative 2, Assumed Strain g, (cont.)

@ Section in Example

Is calculated e, less than
assumed value?

Is assumed value of
g too conservative, i.e.,
too high?

YES

NO

-
-

Y

Determine transverse
reinforcement to ensure Design Step 5.7.2.5
V,<=fV Eq.S5.8.3.3

A
Check minimum and
maximum transverse Design Step 5.7.2.3
reinforcement requirements and 5.7.2.4
S5.8.2.5and S5.8.2.7

A

Can longitudinal
reinforcement resist
required tension?
Eg. S5.8.3.5

Design Step 5.7.6

Task Order DTFH61-02-T-63032 3-21



Design Step 3 — Design Flowcharts Prestressed Concr ete Bridge Design Example

Shear Design — Alternative 2, Assumed Strain g, (cont.)

Section in Example

Check bursting resistance
(S5.10.10.1)

y

Can you use excess
shear capacity to reduce
the longitudinal steel
requirements in
Eg. S5.8.3.5-1?

Choose values of gand b
corresponding to larger e,
Table S5.8.3.4.2-1

Y

Provide additional
longitudinal reinforcement

Check confinement
reinforcement (S5.10.10.2)

Y
Check horizontal shear at
interface between beam
and deck (S5.8.4)

End
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Design Step 5.7.4

Design Step 5.7.5

Design Step 5.7.7
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Steel-Reinfor ced Elastomeric Bearing Design — Method A (Reference Only)

Section in Example
Start

Y

Determine movements and
loads at pier support (S14.4)

A4

Calculate required plan area
based on compressive stress
limit (S14.7.6.3.2)

A\
Determine dimensions L and W of the
bearing, W is taken to be slightly less than
the width of the girder bottom flange
(S14.7.5.1)

Y

Determine the shape factor for steel-
reinforced elastomeric bearings
according to S14.7.5.1

A 4

Determine material
properties (S14.7.6.2)

Y

Check compressive stress. Determine the
maximum allowed shape factor using total load
and live load stresses for the assumed plan area
(S14.7.6.3.2)

Y

Assume elastomer layer
maximum thickness and
number of layers
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Steel-Reinfor ced Elastomeric Bearing Design — Method A (Reference Only) (cont.)

1 Section in Example

-

A

Recalculate the
shape factor

Y

Determine maximum stress associated
with the load conditions inducing the
maximum rotation (S14.7.6.3.5)

Y

Check stability of the

elastomeric bearing
(S14.7.6.3.6)

A
Reinforcement for steel-reinforced

elastomeric bearings is designed
according to S14.7.5.3.7

Change plan
Did bearing pass all dimensions, number
checks? of layers, and/or
thickness of layers

Check if the bearing needs to
be secured against horizontal
movement (S14.7.6.4)

End
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Steel-Reinfor ced Elastomeric Bearing Design —Method B

Section in Example
Start

v

Determine movements and
loads at pier support (S14.4)

Design Step 6.1

\ 4
Calculate required plan area
of the elastomeric pad based
on compressive stress limit
(S14.7.5.3.2)

Design Step 6.1.1

A

Determine dimensions L and W of the

bearing, W is taken to be slightly less Design Step 6.1.1

than the width of the girder bottom flange
(S14.7.5.1)

A

Determine material
properties (S14.7.5.2)

v

Check compressive stress. Determine the
maximum allowed shape factor using total load
and live load stresses for the assumed plan
area (S14.7.5.3.2)

Design Step 6.1.2.1

Y

Calculate maximum )
elastomer interior layer Design Step 6.1.2.1
thickness, h,. (S14.7.5.1)

®
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Steel-Reinfor ced Elastomeric Bearing Design — Method B (cont.)

@ Section in Example

\ 4

Recalculate the shape factor

(S14.75.1) Design Step 6.1.2.1

Y

Check compressive deflection
if there is a deck joint at the
bearing location (S14.7.5.3.3)

Design Step 6.1.2.2

Y

Check shear deformation Design Step 6.1.2.3
(S14.7.5.3.4)

Y

Check combined compression

and rotation (S14.7.5.3.5) Design Step 6.1.2.4

Y

Check stability of elastomeric

bearings (S14.7.5.3.6) Design Step 6.1.2.5

Change plan
dimensions, number
of layers, and/or
thickness of layers

Did bearing pass
all checks?

Determine steel reinforcement

thickness, h_ (514.7.5.3.7) Design Step 6.1.2.6

End
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SUBSTRUCTURE

Integral Abutment Design

Section in Example
Start

\

Generate applied dead
load and live load for the
abutment components.

Design Step 7.1.1

Y

Determine controlling limit state.
Factor the loads according to Table Design Step 7.1.2
S3.4.1-1 to be applied for pile design

A

Check pile compressive resistance
(S6.15 and S6.9.2). Determine number Design Step 7.1.3.1
of piles and corresponding spacing.

Y

Design pile cap reinforcement.

Check flexure and shear. Design Step 7.1.4

A

Check the flexure and shear

resistance of the backwall. Design Step 7.1.4.1

\

Design wingwall Design Step 7.1.5

\

Design approach
slab for flexure

Design Step 7.1.6

End
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Inter mediate Bent Design

Section in Example
Start

4

Generate the loads
applied to the intermediate
bent components.

Design Step 7.2.1

Y

Determine maximum loads
transferred from the superstructure

Y

Analyze the pier cap. Determine the
locations of maximum positive moment, Design Step 7.2.2
negative moment and shear

A

Design flexural and shear
reinforcement in the pier cap

A

Check limits of reinforcement
(S5.7.3.3)

y

Check flexural
reinforcement
distribution (S5.7.3.4)

4

Check minimum temperature
and shrinkage steel (S5.10.8)

Design Step 7.2.2.4
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I ntermediate Bent Design (cont.)

Section in Example

Check skin reinforcement in
components where d,
exceeds 3.0 ft. (S5.7.3.4)

Design Step 7.2.2.5

Y

Design the columns. Determine
the maximum moments and Design Step 7.2.3
shears in the column

Y

Check limits for reinforcement in
compression members (S5.7.4.2)

Y

Develop the column
interaction curve

Y

Check slenderness provisions for

concrete columns (S5.7.4.3) Design Step 7.2.3.1

4
Determine transverse
reinforcement for a compressive Design Step 7.2.3.2
member (S5.10.6)

Y

Design the footing. Determine
applied moments and shears Design Step 7.2.4
transmitted from the columns
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Inter mediate Bent Design (cont.)

Section in Example

Check flexural resistance Design Step 7.2.4.1
(S5.7.3.2)

A J

Check maximum and minimum

reinforcement (S5.7.3.3) Design Step 7.2.4.2

A

Check distribution of reinforcement for

cracking in the concrete (S5.7.3.4) Design Step 7.2.4.3

A

Design footing for maximum shear in the
longitudinal and transverse directions (one-way Design Step 7.2.4.4
shear and punching (two-way) shear)

A

Foundation soil resistance at the

Strength Limit State (S10.6.3) Design Step 7.2.4.5

End
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Design Step | DECK SLAB DESIGN

4

Design Step | In addition to designing the deck for dead and live loads at the strength limit state, the

4.1 | AASHTO-LRFD specifications require checking the deck for vehicular collision with the

railing system at the extreme event limit state. The resistance factor at the extreme event

limit state is taken as 1.0. This signifies that, at this level of loading, damage to the

structural componentsis allowed and the goal is to prevent the collapse of any structural
components.

The AASHTO-LRFD Specifications include two methods of deck design.  The first
method is called the approximate method of deck design ($4.6.2.1) and is typically
referred to as the equivalent strip method. The second is called the Empirical Design
Method (£9.7.2).

The equivalent strip method is based on the following:
A transverse strip of the deck is assumed to support the truck axle loads.

The strip is assumed to be supported on rigid supports at the center of the
girders. The width of the strip for different load effects is determined using the
equationsin $4.6.2.1.

The truck axle loads are moved laterally to produce the moment envelopes.
Multiple presence factors and the dynamic load allowance are included. The
total moment is divided by the grip distribution width to determine the live load
per unit width.

The loads transmitted to the bridge deck during vehicular collision with the
railing system are determined.

Design factored moments are then determined using the appropriate load factors
for different limit states.

The reinforcement is designed to resist the applied loads using conventional
principles of reinforced concrete design.

Shear and fatigue of the reinforcement need not be investigated.

The Empirical Design Method is based on laboratory testing of deck slabs. This testing
indicates that the loads on the deck are transmitted to the supporting components mainly
through arching action in the deck, not through shears and moments as assumed by
traditional design. Certain limitations on the geometry of the deck are listed in $0.7.2.
Once these limitations are satisfied, the specifications give reinforcement ratios for both
the longitudinal and transverse reinforcement for both layers of deck reinforcement. No
other design calculations are required for the interior portions of the deck. The
overhang region is then designed for vehicular collision with the railing system and for
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Design Step
4.2

dead and live loads acting on the deck. The Empirical Design Method requires less
reinforcement in the interior portions of the deck than the Approximate Method.

For this example, the Approximate Method (Strip Width Method) is used.

55'-41/2"

52' Roadway Width

18 14"
_[l%"lo" 5spaat9 -8"

I

D

l_ 8" Reinforced Concrete Deck ‘

—

f

—l

Figure4-1—Bridge Cross-Section

Required information:

Girder spacing =9ft.- 8in.
Top cover =2%in. ($5.12.3)
(includes ¥z in. integral wearing surface)
Bottom cover =1in. (S5.12.3)
Stedl yield strength = 60 ksi
Slab conc. compressive strength =4Kksi
Concrete density = 150 pcf
Future wearing surface density = 30 psf

DECK THICKNESS

The specifications require that the minimum thickness of a concrete deck, excluding any
provisions for grinding, grooving and sacrificial surface, should not be less than 7 in.
($9.7.1.1). Thinner decks are acceptable if approved by the bridge owner. For slabs
with depths less than 1/20 of the design span, consideration should be given to
prestressing in the direction of that span in order to control cracking.

Most jurisdictions require a minimum deck thickness of 8 in., including the %2 inch
integral wearing surface.

In addition to the minimum deck thickness requirements of $9.7.1.1, some jurisdictions
check the dab thickness using the provisions of 2.5.2.6.3. The provisions in this article
are meant for slab-type bridges and their purpose isto limit deflections under live loads.
Applying these provisions to the design of deck slabs rarely controls deck slab design.
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For this example, a dlab thickness of 8 in., including the %2 inch integral wearing surface,
Is assumed. The integra wearing surface is considered in the weight calculations.
However, for resistance calculations, the integral wearing surface is assumed to not
contribute to the section resistance, i.e., the section thickness for resistance calculations
Isassumed to be 7.5 in.

Design Step| OVERHANG THICKNESS

4.3
For decks supporting concrete parapets, the minimum overhang thickness is 8 in.
(813.7.3.1.2), unless a lesser thickness is proven satisfactory through crash testing of the
railing system. Using a deck overhang thickness of approximately 4" to 1” thicker than
the deck thickness has proven to be beneficial in past designs.

For this example, an overhang thickness of 9 in., including the %2 in. sacrificial layer is
assumed in the design.

Design Step | CONCRETE PARAPET

4.4
A Type-F concrete parapet is assumed. The dimensions of the parapet are shown in
Figure 4-2. The railing crash resistance was determined using the provisions of
SA13.3.1. The characteristics of the parapet and its crash resistance are summarized

below.

Concrete Parapet General Vaues and Dimensions:
Mass per unit length = 650 |b/ft
Width at base =1 ft.- 8 %in.

Moment capacity at the base calculated
assuming the parapet acts as a vertical

cantilever, Mc/length = 17.83 k-ft/ft
Parapet height, H =42in.
Length of parapet failure mechanism, Lc =235.2in.
Collision load capacity, Ry =137.22k

Notice that each jurisdiction typically uses a limited number of railings The properties
of each parapet may be calculated once and used for all deck slabs. For a complete
railing design example, see Lecture 16 of the participant notebook of the National
Highway Institute Course No. 13061.
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Design Step
4.5

Design Step
451

1'-8 1/4"

Lo [3 3/8

47/8"

C.G.—
of
parapet

Figure 4-2 — Parapet Cross-Section

The load capacity of this parapet exceeds the minimum required by the Specifications.
The deck overhang region is required to be designed to have a resistance larger than the
actual resistance of the concrete parapet (SA13.4.2).

EQUIVALENT STRIP METHOD ($4.6.2)

Moments are calculated for a deck transverse strip assuming rigid supports at web
centerlines. The reinforcement is the same in al deck bays. The overhang is designed
for cases of DL + LL at the strength limit state and for collision with the railing system at
the extreme event limit state.

Design dead load moments:
Load factors (S3.4.1):
Slab and parapet:

Minimum = 0.9
Maximum = 1.25
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Design Step
4.6

Future wearing surface:
Minimum = 0.65
Maximum = 1.5

It is not intended to maximize the load effects by applying the maximum load factors to
some bays of the deck and the minimum load factors to others. Therefore, for deck slabs
the maximum load factor controls the design and the minimum load factor may be
ignored.

Dead loads represent a small fraction of the deck loads. Using a simplified approach to
determine the deck dead load effects will result in a negligible difference in the total (DL
+ LL) load effects. Traditionally, dead load positive and negative moments in the deck,
except for the overhang, for a unit width strip of the deck are calculated using the

following approach:
M =wl%c

where:
M = dead load positive or negative moment in the deck for a unit width

strip (k-ft/ft)
w = dead load per unit area of the deck (ksf)
| = girder spacing (ft.)
Cc = constant, typically taken as 10 or 12

For this example, the dead load moments due to the self weight and future wearing
surface are calculated assuming ¢ = 10.

Self weight of the deck = 8(150)/12 = 100 psf
Unfactored self weight positive or negative moment = (100/1000)(9.66)%/10

= 0.93 k-ft/ft

Future wearing surface = 30 psf

Unfactored FWS positive or negative moment = (30/1000)(9.66)/10
= 0.28 k-ft/ft

DISTANCE FROM THE CENTER OF THE GIRDER TO THE DESIGN
SECTION FOR NEGATIVE MOMENT

For precast I-shaped and T-shaped concrete beams, the distance from the centerline of
girder to the design section for negative moment in the deck should be taken equal to
one-third of the flange width from the centerline of the support ($4.6.2.1.6), but not to
exceed 15in.
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Design Step
4.7

Girder top flange width = 42 in.
One-third of the girder top flange width = 14 in. < 15in. OK

DETERMINING LIVE LOAD EFFECTS

Using the approximate method of deck analysis ($4.6.2), live load effects may be
determined by modeling the deck as a beam supported on the girders. One or more axles
may be placed side by side on the deck (representing axles from trucks in different traffic
lanes) and move them transver sely across the deck to maximize the moments ($4.6.2.1.6).
To determine the live load moment per unit width of the bridge, the calculated total live
load moment is divided by a strip width determined using the appropriate equation from
Table $4.6.2.1.3-1. The following conditions have to be satisfied when determining live
load effects on the deck:

Minimum distance from center of wheel to the inside face of parapet = 1 ft. (S3.6.1.3)
Minimum distance between the wheels of two adjacent trucks = 4 ft.
Dynamic load allowance = 33% (S3.6.2.1)
Load factor (Strength 1) = 1.75 (S3.4.1)
Multiple presence factor (S3.6.1.1.2):
Snglelane =1.20
Twolanes = 1.00
Threelanes = 0.85
(Note: the " three lanes’ situation never controlsfor girder spacings up to 16 ft.)

Trucks were moved laterally to determine extreme moments ($4.6.2.1.6)

Fatigue need not be investigated for concrete slabs in multi-girder bridges ($9.5.3 and
$.5.3.1)

Resistance factors, j , for moment: 0.9 for strength limit state (S5.5.4.2)
1.0 for extreme event limit state (S1.3.2.1)

In lieu of this procedure, the specifications allow the live load moment per unit width of
the deck to be determined using Table SA4.1-1. Thistable lists the positive and negative
moment per unit width of decks with various girder spacings and with various distances
from the design section to the centerline of the girders for negative moment. Thistableis
based on the analysis procedure outlined above and will be used for this example.
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Table SA4.1-1 does not include the girder spacing of 9'-8". It does include girder
spacings of 9-6" and 9-9". Interpolation between the two girder spacings is alowed.
However, due to the small difference between the values, the moments corresponding to
the girder spacing of 9-9” are used which gives dightly more conservative answers than
interpolating. Furthermore, the table lists results for the design section for negative
moment at 12 in. and 18 in. fromthe center of the girder. For this example, the distance
from the design section for negative moment to the centerline of the girders is 14 in.
Interpolation for the values listed for 12 in. and 18 in. is alowed. However, the vaue
corresponding to the 12 in. distance may be used without interpolation resulting in a
more conservative value. The latter approach is used for this example.

Design Step | DESIGN FOR POSITIVE MOMENT IN THE DECK

4.8
The reinforcement determined in this section is based on the maximum positive moment
in the deck. For interior bays of the deck, the maximum positive moment typically takes
place at approximately the center of each bay. For the first deck bay, the bay adjacent to
the overhang, the location of the maximum design positive moment varies depending on
the overhang length and the value and distribution of the dead load. The same
reinforcement is typically used for all deck bays.

Factored loads
Live load

From Table SA4.1-1, for the girder spacing of 9'-9” (conservative):
Unfactored live load positive moment per unit width = 6.74 k-ft/ft

Maximum factored positive moment per unit width = 1.75(6.74)

= 11.80 k-ft/ft
This moment is applicable to all positive moment regions in all bays of the deck
(4.6.2.1.2).
Deck weight

1.25(0.93) = 1.16 k-ft/ft

Future wearing surface

1.5(0.28) = 0.42 k-ft/ft

Dead load + live load design factored positive moment (Strength | limit state)

MpL+ 1 =11.8+1.16 + 0.42
= 13.38 k-ft/ft
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Notice that the total moment is dominated by the live load.
Resistance factor for flexure at the strength limit state, j = 0.90 (S5.5.4.2.1)

The flexural resistance equations in the AASHTO-LRFD Bridge Design Specifications
are applicable to reinforced concrete and prestressed concrete sections. Depending on
the provided reinforcement, the terms related to prestressing, tension reinforcing steel
and/or compression reinforcing steel, are set to zero. The following text is further
explanation on applying these provisions to reinforced concrete sections and the possible
simplifications to the equations for this case.

For rectangular section behavior, the depth of the section in compression, c, is
determined using Eq. $5.7.3.1.1-4:

_ APSfpu+ ASfy_%]v

($5.7.3.1.1-4)

f
0.85f8b,b + k Aps—=
dp
where:

Aps = area of prestressing steel (in?)

fou = specified tensile strength of prestressing stedl (ksi)

foy = yield strength of prestressing steel (ksi)

As = area of mild steel tension reinforcement (in?)

A¢ = area of compression reinforcement (in?)

fy = yield strength of tension reinforcement (ksi)

f¢, = yield strength of compression reinforcement (ksi)

b = width of rectangular section (in.)

d, = distance from the extreme compression fiber to the centroid of
the prestressing tendons (in.)

c = distance between the neutral axis and the compressive
face (in.)

3 = stressblock factor specifiedin $5.7.2.2
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For reinforced concrete sections (no prestressing) without reinforcement on the
compression side of the section, the above equation is reduced to:

At
0.85f¢b,b

The depth of the compression block, a, may be calculates as:
a =cbh;
These equations for “a” and “c” are identical to those traditionally used in reinforced

concrete design. Many text books use the following equation to determine the
reinforcement ratio, r, and area of reinforcement, As:

K' =My bdz)

r = O.Ssgeﬁ?éLo- 1.0- 2ke H
&f 28 0.85f¢y

As=rde

A different method to determine the required area of steel is based on using the above
equation for “a” and “c” with the Eq. $5.7.3.2.2-1 as shown below. The nominal
flexural resistance, M,,, may be taken as:

M= Adfs(dh— a/2) + Af(ds— a/2) — Atf¢(de — a/2) + 0.85f¢(b— by)b:hv(a/2 — h/2)
($.7.3.2.2-1)
where:
fos =average stressin prestressing steel at nominal bending resistance
specified in Eq. $6.7.3.1.1-1 (ksi)

ds =distance from extreme compression fiber to the centroid of
nonprestressed tensile reinforcement (in.)

d's =distance from extreme compression fiber to the centroid of
compression reinforcement (in.)

b = width of the compression face of the member (in.)
by, = web width or diameter of a circular section (in.)

hy = compression flange depth of an | or T member (in.)
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For rectangular reinforced concrete sections (no prestressing) without reinforcement on
the compression side of the section, the above equation is reduced to:

Mn= A, &.- 29
n AS y gds 2@
Fromthe equations for “ ¢’ and “a” above, substituting for:

f
a=ch; = OAS—V in the equation for M, aboveyields:

85 f b
Mn= Af S -20= fdAS-ae—fyz 0
" V&S g s él.?fcgg

Only Asis unknown in this equation. By substituting for b = 12 in., the required area of
reinforcement per unit width can be determined by solving the equation.

Both methods outlined above yield the same answer. The first method is used throughout
the following calculations.

For the positive moment section:

de = effective depth from the compression fiber to the centroid of the tensile
force in the tensile reinforcement (in.)
= total thickness — bottom cover — %2 bar diameter — integral wearing surface
=8-1-%(0.625) - 0.5
=6.19in.

k¢ =My/( bd?

= 13.38/[0.9(1.0)(6.19)?]
=0.388 k/irf

0é u
r = 0.85@%@[.0- 1.0- 2k¢ a
&f 28 0.85f¢

= 0.00688

Therefore,
Required As=r d. = 0.00688(6.19) = 0.0426 irf/in.

Required #5 bar spacing with bar area 0.31 ir? = 0.31/0.0426 = 7.28 in.

Use#5 barsat 7 in. spacing

Task Order DTFH61-02-T-63032 4-10



Design Step 4 — Design of Deck Prestressed Concrete Bridge Design Example

Check maximum and minimum reinforcement

Based on past experience, maximum and minimum reinforcement requirements never
control the deck slab design. The minimum reinforcement requirements are presented in
$.7.3.3.2. These provisons are identical to those of the AASHTO Sandard
Soecifications. These provisions areillustrated later in this example.

Maximum reinforcement requirements are presented in $.7.3.3.1. These requirements
are different from those of the AASHTO Sandard Specifications. Reinforced concrete
sections are considered under-reinforced when c/de = 0.42. Even though these
requirements are not expected to control the design, they are illustrated below to
familiarize the user with their application.

Check depth of compression block:

T =tensleforcein the tensile reinforcement (k)
= 0.31(60)
=18.6 k

a =18.6/[0.85(4)(7)]
=0.78in.

b1 =ratio of the depth of the equivalent uniformly stressed compression
zone assumed in the strength limit state to the depth of the actual
compression zone
=0.85for f¢ = 4 ks (S5.7.2.2)

c =0.78/0.85
=0.918in.

Check if the section is over-reinforced

c/de= 0.918/6.19
=0.15 < 0.42 OK (S5.7.3.3.1)

Check for cracking under Service | Limit State (S5.7.3.4)

Allowable reinforcement service load stress for crack control using Eqg. S5.7.3.4-1:

fa = —Z% _ £ 0.6f, = 36ksi

(d.A)3

C
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#5 @ 7 in.
(bar diameter = 0.625 in.,
ararea= 0.31 inz)x

Figure 4-3 - Bottom Transver se Reinfor cement

where;
d. = thickness of concrete cover measured from extreme tension fiber to center
of bar located closest thereto (in.)
=1.3125in. < (2 + Y% bar diameter) in. OK

A =aea of concrete having the same centroid as the principa tensle
reinforcement and bounded by the surfaces of the cross-section and a
straight line parallel to the neutral axis, divided by the number of bars (irf)

= 2(1.3125)(7)
=18.375ir?

Z = crack control parameter (k/in)
= 130 k/in. for severe exposure conditions

By substituting for d, A and Z:
fa =45ks > 36 ks therefore, use maximum allowable f = 36 ksi

Notice that the crack width parameter, Z, for severe exposure conditions was used to
account for the remote possibility of the bottom reinforcement being exposed to deicing
salts leaching through the deck. Many jurisdictions use Z for moderate exposure
conditions when designing the deck bottom reinforcement except for decks in marine
environments. The rationale for doing so is that the bottom reinforcement is not directly
exposed to salt application. The difference in interpretation rarely affects the design
because the maximum allowable stress for the bottom reinforcement, with a 1 in. clear
concrete cover, is typically controlled by the 0.6f, limit and will not change if moderate
exposure was assumed.

Stresses under service loads (S5.7.1)

In calculating the transformed compression steel area, the Specifications require the use
of two different values for the modular ratio when calculating the service load stresses
caused by dead and live loads, 2n and n, respectively. For deck design, it is customary
to ignore the compression steel in the calculation of service load stresses and, therefore,
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this provision is not applicable. For tension steel, the transformed area is calculated
using the modular ratio, n.

Modular ratio for 4 ks concrete, n =8

Assume stresses and strains vary linearly

Dead load service load moment = 0.93 + 0.28 = 1.21 k-ft/ft
Live load service load moment = 6.74 k- ft/ft

Dead load + live load service load positive moment = 7.95 k- ft/ft

Integral Wearing Surface

i (ignore in stress calculations)
T o
oF :-7T
N
iy Neu_tral
Axis /
- Steel stress :/ﬁ(:alculated
=2 z stress based/on fransformed
H [ i /
= © < section) ,
0 < /
#5 @ 7 in.
: + +
/
L - -% L

1.31"
o
o

r Strain Stress Based on
7n Transformed Section

L |

I 1

A
\4

Figure4-4 - Crack Control for Positive Moment Reinforcement Under Live Loads

The transformed moment of inertia is calculated assuming elastic behavior, i.e. linear
stress and strain distribution. In this case, the first moment of area of the transformed
steel on the tension side about the neutral axisis assumed equal to that of the concretein
compression. The process of calculating the transformed moment of inertia isillustrated
in Figure 4-4 and by the cal culations below.

For 4 ks concrete, the modular ratio, n = 8 (S6.10.3.1.1b or by dividing the modulus of
elasticity of the steel by that of the concrete and rounding up as required by S5.7.1)

Assume the neutral axisis at adistance “y” from the compression face of the section

Assume the section width equal s the reinforcement spacing = 7 in.

The transformed steel area = (steel area)(modular ratio) = 0.31(8) = 2.48 ir?

Task Order DTFH61-02-T-63032 4-13



Design Step 4 — Design of Deck Prestressed Concrete Bridge Design Example

By equating the first moment of area of the transformed steel to that of the concrete, both
about the neutral axis:

2.48(6.19-vy) = 7y(y/2)
Solving the equation resultsiny = 1.77 in.

liransformed = 2.48(6.19 — 1.77)% + 7(1.77)%/3
=614in’

Stress in the stedl, fs = (Mc/l)n, where M is the moment acting on 7 in. width of the deck.

fo = [[(7.95(12/12)(7)(4.42)]/61.4]8
= 32,05 ksi

Allowable service load stress= 36 ksi > 32.05 ks OK

Design Step | DESIGN FOR NEGATIVE MOMENT AT INTERIOR GIRDERS
4.9

a. Liveload

From Table SA4.1-1, for girder spacing of 9°-9” and the distance from the design section

for negative moment to the centerline of the girder equal to 12 in. (see Design Step 4.7

for explanation):

Unfactored live load negative moment per unit width of the deck = 4.21 k-ft/ft

Maximum factored negative moment per unit width at the design section for negative
moment = 1.75(4.21) = 7.37 k-ft/ft

b. Dead load
Factored dead |load moments at the design section for negative moment:
Dead weight

1.25(0.93) = 1.16 k-ft/ft

Future wearing surface

1.5(0.28) = 0.42 k-f/ft

Dead Load + live load design factored negative moment =1.16 + 0.42 + 7.37
= 8.95 k-ft/ft
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d = distance from compression face to centroid of tension reinforcement (in.)
= total thickness — top cover — ¥z bar diameter

Assume #5 bars; bar diameter = 0.625 in., bar area= 0.31ir?

d =8- 2% —1%(0.625)
=519in.

Required area of steel = 0.0339 irt/in.
Required spacing = 0.31/0.0339 = 9.15 in.
Use#5 at 9in. spacing

As indicated earlier, checking the minimum and maximum reinforcement is not expected
to control in deck dabs.

Check for cracking under service limit state (S5.7.3.4)

Allowable service load stresses:

fo = —Z% _ £ 06f, =36ks

(d.A)3

Concrete cover =2 %2in. — Yz in. integral wearing surface = 2 in.
(Note: maximum clear cover to be used in the analysis= 2 in.) (S5.7.3.4)
where:
dc = clear cover + %2 bar diameter
=2+ %(0.625)
=23lin.

A =2(2.31)(9)
= 41.58ir?

Z =130Kk/in. for severe exposure conditions
« =28.38ksi
As explained earlier, service load stresses are calculated using a modular ratio, n = 8.

Dead load service load moment at the design section for negative moment near the
middle = -1.21 k- ft/ft.
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2.81"

J’ #5 @ 9 in.
Yy - >
Steel stress = n(calculated

/ stress based on transformed
/ section)

5.19"
3.75"

Neutral /
AXis

L.44"

e 9 > Strain Stress Based on
Transformed Section

Figure 4-5a - Crack Control for Negative Moment Reinforcement Under Live
L oads

Live load service lbad moment at the design section in the first interior bay near the first
interior girder = -4.21 k-ft/ft.

Transformed section properties may be caculated as done for the positive moment
section in Design Step 4.8. Refer to Figure 4-5a for the section dimensions and location
of the neutral axis. The calculations are shown below.

Maximum dead load + live load service load moment = 5.42 k-ft/ft
n=8
ltransformed = 43.83 in?

Total DL + LL service load stresses =[[5.42(9)(3.75)]/43.83] (8)
=33.39ks > f4=28.38ks NG

To satisfy the crack control provisions, the most economica change is to replace the
reinforcement bars by smaller bars at smaller spacing (area of reinforcement per unit
width is the same). However, in this particular example, the #5 bar size cannot be
reduced as this bar is customarily considered the minimum bar size for deck main
reinforcement. Therefore, the bar diameter is kept the same and the spacing is reduced.

Assume reinforcement is#5 at 8 in. spacing (refer to Figure 4-5b).

ltranstormed = 42.77 in'

Total DL + LL serviceload stresses = [[5.42(8)(3.68)/42.77](8)
=29.85ksi
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fa =29.52ksi
Applied stress = 29.85 ksi @fs, = 29.52 ksi

Use main negative moment reinforcement #5 at 8 in. spacing

2.81"

./'#5 @ 8in.

< »7
/
+ + Y
el -
- % // Steel stress = n(calculated
2 (%) / stress based on transformed
ITo) // section)
Neutral /
= AXis
n
— - -
- T 0 0
| 8 | Strain Stress Based on

Transformed Section

Figure 4-5b - Crack Control for Negative Moment Reinforcement Under Live
L oads
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Design Step | DESIGN OF THE OVERHANG

4.10
3'-6 1/4"
1-81/4"
C.G.
7.61" of
parapet
Wheel Load
e 12" |, 10 fE
4"
A 4
14 14
QIZI: 8 Z
I haunch | o
1'-91/4"
\ /
design section —» «—— design section
in the overhang in first span

Figure 4-6 - Overhang Region, Dimensions and Truck Loading

Assume that the bottom of the deck in the overhang region is 1 inch lower than the
bottom of other bays as shown in Figure 4-6. This results in a total overhang thickness
equal to 9 in. This is usualy beneficia in resisting the effects of vehicular collision.
However, a section in the first bay of the deck, where the thickness is smaller than that of
the overhang, must also be checked.

Assumed loads

Self weight of the slab in the overhang area = 112.5 Ib/ft? of the deck overhang
surface area

Weight of parapet = 650 |b/ft of length of parapet
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Future wearing surface = 30 |b/ft? of deck surface area

As required by SA13.4.1, there are three design cases to be checked when designing the
deck overhang regions.

Design Case 1. Check overhang for horizontal vehicular collision load (SA13.4.1,

Casel)
A B Glé C
| !
|
9}: 14 : 14 ol 7
_"""TIEJrEh_TI _________ T
|
A B C

Figure 4-7 - Design Sectionsin the Overhang Region

The overhang is designed to resist an axial tension force from vehicular collision acting
simultaneously with the collision + dead load moment.

The resistance factor, | = 1.0 for extreme event limit state (S1.3.2.1). The Specification
requires that load effects in the extreme event limit state be multiplied by h; 3 1.05 for
bridges deemed important or h; 3 0.95 for bridges deemed not important. For this
example, avalue of h; = 1.0 was used.

a. Atinsideface of parapet (Section A-A in Figure 4-7)
(see Design Step 4.4 for parapet characteristics)

M. = moment capacity of the base of the parapet given as 17.83 k- ft/ft.

When this moment is transmitted to the deck overhang it subjects the deck
to negative moment.
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For a complete railing design example that includes sample detailed
calculations of railing parameters, see Lecture 16 of the participant
notebook of the National Highway Institute Course No. 13061.

MpL s = 0.1125(20.25/12)%/2
= 0.16 k-ft/ft

MoL. parapet = 0.65(20.25 — 7.61)/12
= 0.68 k-f/ft

Design factored moment = -17.83 — 1.25(0.16 + 0.68) = -18.88 k-ft/ft
Design axial tensile force (SA13.4.2) = Rw/(Lc+ 2H)
= 137.22/[(235.2 + 2(42)/12]
= 5.16 k/ft
hdab=9in.
Assuming #5 reinforcement bars,
d = overhang dab thickness — top cover — %2 bar diameter
=9-2Y%-%40.625)
=6.19in.
Assume required area of steel = 0.70 irf/ft (1)
The over-reinforced section check is not expected to control. However, due to the
additional reinforcement in the overhang, it is prudent to perform this check using the

provisions of S5.7.3.3.1.

Effective depth of the section, h=6.19in.
(Notice that the overhang has 1 inch additional thickness at its bottom)

For a section under moment and axial tension, P, the nominal resistance, M,, may be
calculated as:

Mp =T(d—a/2) — P(h/2 —a/2)
Tension in reinforcement, T = 0.70(60) = 42.0 k/ft

Compression in concrete, C = 42.0 —5.16 = 36.84 k/ft
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a =C/bb;f¢
= 36.84/[12(0.85)(4)]
=0.90in.

My = 42.0[6.19 — (0.9/2)] — 5.16[(6.19/2) — (0.9/2)]
= 227.43/12
= 18.95 k-ft/ft

Notice that many designers determine the required reinforcement for sections under
moment and axial tension, P, as the sum of two components:

1) the reinforcement required assuming the section is subjected to moment
2) Py

This approach is acceptable as it results in more conservative results, i.e., more
reinforcement.

Resistance factor = 1.0 for extreme event limit state (S1.3.2.1)

My =j Mp
=1.0(18.95) = 18.95 k-ft/ft > M, = 18.88 k-ft/ft OK

c/d.= (0.9/0.85)/(6.19) = 0.17 < 0.42 sted yields before concrete crushing, i.e.,
the section is not over-reinforced

b. At design section in the overhang (Section B-B in Figure 4-7)

Assume that the minimum haunch thickness is at least equa to the difference between
the thickness of the interior regions of the slab and the overhang thickness, i.e., 1 in.
This means that when designing the section in the overhang at 14 in. from the certer of
the girder, the total thickness of the dab at this point can be assumed to be 9in. For
thinner haunches, engineering judgment should be exercised to determine the thickness
to be considered at this section.

At the inside face of the parapet, the collision forces are distributed over a distance L
for the moment and L, + 2H for axial force. It is reasonable to assume that the
distribution length will increase as the distance from the section to the parapet increases.
The value of the distribution angle is not specified in the specifications and is determined
using engineering judgment. In this example, the distribution length was increased at a
30° angle from the base of the parapet (see Figure 48). Some designers assume a
distribution angle of 45°, this angle would have also been acceptable.
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3-6 1/4"
L1814 | 1-10"

»l
1

« |—design section in
the overhang

1 £ 0.577(8 in.) = 4.616 in.

0.577(8 in.) = 4.616 in.

\ 30°

Figure 4-8 - Assumed Distribution of Collision Moment Load in the Overhang

Collision moment at the design section = M¢LJ/[L¢ + 2(0.577)X]
=-17.83(235.2)/[235.2 + 2(0.577)(8)]
=-17.16 k-ft/ft
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Dead load moment at the design section:

MpL ga = 0.1125(28.25/12)%/2
= 0.31 k-f/ft

Mo, parapet = 0.65(28.25 — 7.61)/12
= 1.12 k-ftfft

MpL rws = 0.03(8/12)%/2
= 0.007 k-ft/ft

Factored design M = -17.16 — 1.25(0.31 + 1.12) — 1.5(0.007) = -18.96 k-ft/ft

Design tensile force = Ry/[L¢ + 2H + 2(0.577)X]
= 137.22/[[235.2 + 2(42) + 2(0.577)(8)]/12]
= 5.01 k/ft

hdab =9in.

By inspection, for Section AA, providing an area of steel = 0.70 irf/ft resulted in a
moment resistance of 18.95 k-ft/ft @ the design moment for Section B-B.

Therefore, the required area of steel for Section B-B = 0.70irf/fit ~ (2)

c. Check dead load + collision moments at design section in first span (Section C-C
in Figure 4-7)

The total collison moment can be treated as an applied moment at the end of a
continuous strip. The ratio of the moment M»/M; (see Figure 4-9) can be calculated for
the transverse design strip. As an approximation, the ratio M>/M; may be taken equal to
0.4. This approximation is based on the fact that Mp/M; = 0.5 if the rotation at the first
interior girder isrestrained. Snce thisrotation is not restrained, the value of M, will be
less than 0.5M;. Thus, the assumption that Mx/M; = 0.4 seems to be reasonable. The
collison moment per unit width at the section under consideration can then be
determined by dividing the total collison moment by the distribution length. The
distribution length may be determined using the 30° distribution as illustrated in Figure
4-8 except that the distance “ X" will be 36 in. for Section C.

The dead load moments at the design section for negative moment to the inside of the
exterior girder may be determined by superimposing two components: (1) the moments
in the first deck span due to the dead loads acting on the overhang (see Figure 4-10),
and (2) the effect of the dead loads acting on the first span of the deck (see Figure 4-11).
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Figure 4-9 — Assumed Distribution of the Collision Moment Across the Width of the
Deck

I—design
section M, = 0.4M,

first interior
girder

Ml = Moverhang D / M= 083M1
exterior
girder

9-8" = 116"

I
-

Figure 410 - Dead Load Moment at Design Section Due to Dead Loads on the
Overhang
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Figure4-11 - Dead Load M oment at Design Section Due to Dead L oads on the First
Deck Span
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Collision moment at exterior girder, M1 = -17.83 k-ft/ft

Collison moment at first interior girder, Mo = 0.4(17.83) = 7.13 k- ft/ft

By interpolation for a section in the first interior bay at 14 in. from the exterior girder:
Tota collison moment =-17.83 + 14(17.83 + 7.13)/116 = -14.81 k-ft/ft
Using the 30° angle distribution, as shown in Figure 4-8:
Design collision moment = -14.81L/[L. + 2(0.577)(22 + 14)] = -12.59 k-ft/ft
where Lc = 235.21in.

Dead load moment at the centerline of the exterior girder:

MpL ga = -0.1125(42.25/12)%/2
= -0.70 k-ft/ft
MbL parapet = -0.65 (42.25 — 7.61)/12
= -1.88 k-ft/ft
MopL, rws = -0.03[(42.25 — 20.25)/12]%/2

-0.05 k-ft/ft
Factored dead load moment at the centerline of the exterior girder:

Mep. = 1.25(-0.70) + 1.25(-1.88) + 1.5(-0.05)
= -3.3 k-ft/ft

Based on Figure 4-10

The design factored dead load moment at the design section due to loads on the overhang
Is:

M FDL,O= 0.83(-3.3)
= -2.74 k-ft/ft

From Figure 411, the dead load design factored moment due to DL on the first deck
span is.

M = 1.25[0.1125[0.4(9.66)(14/12) — (14/12)%2]] + 1.5[0.03[0.4(9.66)(14/12) — (14/12)%2]]
= 0.71 k-ft/ft
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Total design dead load + collision moment:

MpL + =-12.59-2.74+ 0.71
= -14.62 k-ft/ft

Resistance factor = 1.0 for extreme event limit state (S1.3.2.1)

Assuming the dab thickness at this section equals 8 in. and the effective depth equals
519in.;

Required area of steel = 0.62 irf/ft (3)

Design Case 2: Vertical collision force (SA13.4.1, Case 2)

For concrete parapets, the case of vertical collision never controls
Design Case 3: Check DL +LL (SA13.4.1, Case3)

Except for decks supported an widely spaced girders (approximately 12 ft. and 14 ft.
girder spacing for girders with narrow flanges and wide flanges, respectively), Case 3
does not control the design of decks supporting concrete parapets. Widely spaced
girders allow the use of wider overhangs which in turn may lead to live load moments
that may exceed the collision moment and, thus, control the design. The deck of this
example is highly unlikely to be controlled by Case 3. However, this case is checked to
Illustrate the compl ete design process.

Resistance factor = 0.9 for strength limit state (S5.5.4.2.1).
a. Design section in the overhang (Section B-B in Figure 4-7)

The live load distribution width equations for the overhang ($4.6.2.1.3) are based on
assuming that the distance from the design section in the overhang to the face of the
parapet exceeds 12 in. such that the concentrated load representing the truck wheel is
located closer to the face of the parapet than the design section. As shown in Figure4-
12, the concentrated load representing the wheel load on the overhang is located to the
inside of the design section for negative moment in the overhang. This means that the
distance "X" in the distribution width equation is negative which was not intended in
developing this equation. This situation is becoming common as prestressed girders with
wide top flanges are being used more frequently. In addition, Figure 4-6 may be
wrongly interpreted as that there is no live load negative moment acting on the overhang.
Thiswould be misleading since the wheel load is distributed over the width of the whedls
in the axle. Live load moment in these situations is small and is not expected to control
design. For such situations, to determine the live load design moment in the overhang,
either of the following two approaches may be used:
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1) The design section may be conservatively assumed at the face of the girder web,
or

2) The wheel load may be distributed over the width of the wheels as shown in
Figure 412 and the moments are determined at the design section for negative
moment. The distribution width may be calculated assuming "X" as the distance
from the design section to the edge of the wheel load nearest the face of the
parapet.

The latter approach is used in this example. The wheel load is assumed to be distributed
over atire width of 20 in. as specified in S3.6.1.2.5.

| 3-6 1/4" |

1'-8 1/4" | 1'-10" |

center of
wheel load

10" 10"
12"

haunch

\
design section in—
the overhang |

Figure4-12 — Overhang Live Load - Distributed L oad
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Using the multiple presence factor for asingle truck = 1.2 (S3.6.1.1.2) and dynamic load
allowance for truck loading = 1.33 (S3.6.2.1), live load moment may be determined.

Equivaent strip width for live load =45 + 10(6/12)
=50in. ($4.6.2.1.3)

Design factored moment:
My = -1.25(0.1125)[(42.25 — 14)/12]%/2
-1.25(0.65)(42.25 — 14 — 7.61)/12
-1.5(0.03)[(42.25 — 20.25 — 14)/12)?/2

-1.75(1.33)(1.2)[16/(20/12)[ ((6/12)%/2)/(50/12)]

= -2.60 k-ft/ft
d =6.19in.
Required area of steel = 0.09 irf/ft (4)

b. Check dead load + live load moments at design section in first span (Section C-C

in Figure 4-7)
¢
16 k | 16 k
0" 5-2"
|
10 | 6.0
A J | | 4
14"
| N N
! !
| (center to center of girders) |
design—
section

Figure4-13 - Overhang Live Load
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Assume dlab thickness at this section = 8 in. (conservative to ignore the haunch)

Based on the earlier calculations for this section under collison + DL, DL factored
moment at the section = -2.74 k-ft/ft.

Determining live load at this section may be conducted by modeling the deck as a beam
supported on the girders and by moving the design load across the width of the deck to
generate the moment envelopes. However, this process implies a degree of accuracy that
may not be possible to achieve due to the approximate nature of the distribution width
and other assumptions involved, e.g., the girders are not infinitely rigid and the top
flange is not a point support. An approximate approach suitable for hand calculations is
illustrated in Figure 413. In this approximate approach, the first axle of the truck is
applied to a smply supported beam that consists of the first span of the deck and the
overhang. The negative moment at the design section is then calculated. The multiple
presence factor for a single lane (1.2) and dynamic load allowance (33%) are also
applied. Based on the dimensions and the critical location of the truck axle shown in
Figure 4-13, the unfactored live load moment at the design section for negative
moment is 3.03 k-ft.

Live load moment (including the load factor, dynamic load alowance and multiple
presence factor) = 3.03(1.75)(1.33)(1.2) = 8.46 k-ft

Since the live load negative moment is produced by a load on the overhang, use the
overhang strip width at the girder centerline.

Equivalent strip width = 45 + 10(10/12) = 53.3in. ($4.6.2.1.3)

Design factored moment (DL + LL) = 2.74 + 8.46/(53.3/12)
= 4.65 Kk-ft/ft

Required area of steel = 0.19 irf/ft (5)

Design Step | DETAILING OF OVERHANG REINFORCEMENT

411
From the different design cases of the overhang and the adjacent region of the deck, the
required area of steel in the owerhang is equal to the largest of (1), (2), (3), (4) and
(5) = 0.7 irf/ft

The provided top reinforcement in the slab in regions other than the overhang region is:
#5 at 8in. = 0.31(12/8) = 0.465 ir/ft

0.465 irf/ft provided < 0.7 irf/ft required, therefore, additional reinforcement is
required in the overhang.

Bundle one #4 bar to each top bar in the overhang region of the deck.
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Provided reinforcement = (0.2 + 0.31)(12/8) = 0.76 irf/ft > 0.7 ir’/ft required OK.

Notice that many jurisdictions require a #5 minimum bar size for the top transverse
reinforcement. In this case, the #4 bars used in this example would be replaced by #5
bars. Alternatively, to reduce the reinforcement area, a #5 bar may be added between
the alternating main bars if the main bar spacing would allow adding bars in between
without resulting in congested reinforcement.

Check the depth of the compression block:

T =60(0.76)
= 45.6 kips

a =45.6/[0.85(4)(12)]
=1.12in.

b, =0.85forf¢ =4ks (S5.7.2.2)

¢ =1.12/0.85
=1.32in.

Among Sections A, B and C of Figure 4-7, Section C has the least dab thickness.
Hence, the ratio c/de is more critical at this section.

de at Section C-C =5.19in.

Maximum c/de=1.32/5.19 = 0.25 < 0.42 OK (S5.7.3.3.1)

Cracking under service load in the overhang needs to be checked. The reinforcement
area in the overhang is 65% larger than the negative moment reinforcement in the
interior portions of the deck, yet the applied service moment (2.74 + 3.03 = 5.77 k-ft/ft)
is 6% larger than the service moment at interior portions of the deck (5.42 k-ft/ft from
Step 4.9). By inspection, cracking under service load does not control.

Determine the point in the first bay of the deck where the additional bars are no longer
needed by determining the point where both (DL + LL) moment and (DL + collision)
moments are less than or equal to the moment of resistance of the deck dab without the
additional top reinforcement. By inspection, the case of (DL + LL) does not control ard
only the case of (DL + collision) needs to be checked.

Negative moment resistance of the deck slab reinforced with #5 bars a 8 in. spacing is
10.15 k-ft/ft for strength limit state (resistance factor = 0.9), or 11.27 k-ft/ft for the
extreme event limit state (resistance factor = 1.0). By caculating the moments at
different points along the deck first span in the same manner they were calculated for
Section C-C for (DL + collision), it was determined that the design negative moment is
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less than 11.27 k-ft/ft at a point approximately 25 in. from the centerline of the exterior
girder.

The theoretical termination point from the centerline of the exterior girder is 25 in.
Extend the additional bars beyond this point for a distance equal to the cut-off length. In
addition, check that the provided Iength measured beyond the design section for moment
Is larger than the development length (S5.11.1.2.1).

Cut-off length requirement (S5.11.1.2.1)

Checking the three requirements of S5.11.1.2.1, the cut-off length is controlled by 15
times the bar diameter.

Cut-off length = 15(0.625) = 9.375 in.

Required length past the centerline of the exterior girder =25+ 9.375
=34.375in.

Development length (S5.11.2)

The basic development length, |4, is taken as the larger of:

125Af, _ 1.25(0.31)(60)
N

0.4dhf, = 0.4(0.625)(60) = 15 in.

=11.625in.

OR

OR
12in.

Therefore, the basic development length = 15 in.
Correction factors:
Epoxy-coated bars =1.2 (S5.11.2.1.2)
Two bundled bars =1.0(S5.11.2.3)

Spacing > 6in. =0.8(S5.11.2.1.3)

Development length = 15(1.2)(1.0)(0.8) = 14.4 in.

Required length of the additional bars past the centerline of the exterior girder = 14 +
14.4=28.4in. < 34.375 in. (needed to be satisfy cut off requirements) OK
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Extend the additional bars in the overhang a minimum of 34.375 in. (say 3 ft.) beyond
the centerline of the exterior girder.

design
/section
28.4"

>

. 144" .
development
length

26.625" \ 9.375:>
T cut-off

34.375" needed length
(36" provided)

Figure4-14 - Length of the Overhang Additional Bars

Design Step| LONGITUDINAL REINFORCEMENT
412
Bottom distribution reinforcement (S9.7.3.2)

Percentage of longitudinal reinforcement = 220 £ 67%

NS

where:

S =the effective span length taken as equal to the effective length
specified in S9.7.2.3 (ft.); the distance between sections for negative
moment and sections at the ends of one deck span

= (116 - 14-14)(12)
=7.33ft.
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Design Step
4.13

220
Percentage= —— =81% > 67%
« AJ7.33

Use 67% of transverse reinforcement

Transverse reinforcement = #5 at 7 in. spacing = 0.53 irf/ft
Required longitudinal reinforcement = 0.67(0.53) = 0.36 irf/ft
Use #5 bars; bar diameter = 0.625 in., bar area= 0.31ir?
Required spacing = 0.31/0.36 = 0.86 ft. (10.375in.)

Use #5 bars at 10 in. spacing

Top longitudinal reinforcement
There are no specific requirements to determine this reinforcement. Many jurisdictions

use #4 bars at 12 in. spacing for the top longitudinal reinforcement.

DECK TOP LONGITUDINAL REINFORCEMENT IN THE GIRDER
NEGATIVE MOMENT REGION, I.E, OVER THE INTERMEDIATE
SUPPORTS OF THE GIRDERS

For smple span precast girders made continuous for live load: design according to
S5.14.1.2.7

(Notice that for continuous steel girders, this reinforcement is designed according to
$6.10.3.7.)

The required reinforcement area is determined during girder design. See Section 5.6 for
the calculations for this reinforcement.

Provided reinforcement area = 14.65 ir?

Use#6 bars at 5.5 in. spacing in the top layer
#6 bars at 8.5 in. spacing in the bottom layer
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Design Step| CHECK SHRINKAGE AND TEMPERATURE REINFORCEMENT
4.14 | ACCORDING TO $5.10.8

Reinforcement for shrinkage and temperature stresses is provided near surfaces of
concrete exposed to daly temperature changes. Shrinkage and temperature
reinforcement is added to ensure that the total reinforcement on exposed surfaces is not
less than the following:

As ? 0.11A4f, (S5.10.8.2-1)
where:
Ay = gross area of the section (irf)
= 12(7.5)

= 90 irf/ft. width of deck

fy = specified yield strength of the reinforcing bars (ksi)
= 60 ksi

Asreq = 0.11(90/60)
= 0.165 irf/ft. width of deck

This area should be divided between the two surfaces, Aseq per surface = 0.0825 irf/ft.
width of deck.

Assuming longitudinal reinforcement is #4 bars at 12 in. spacing:

As provided = 0.2 irf/ft. widith of deck > 0.0825 irf/ft. width of deck required OK
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additional bars in the overhang:
#4 @ 8 in., bundle to main reinforcement

#5 @ 8in.
top main reinforcement
across the entire deck

o gn

3.0"

|
-~ _ L
[ ] | ] :\t\ [ ] T‘ é
‘‘‘‘‘ t I
1" cl.
#5 @ 7 in. #4 @ 12 in.
bottom reinforcement
across the entire deck #5 @ 10 in.

Figure 4-15 - Deck Reinforcement at Midspan of Girders

f‘? additional bars in the overhang:
N #4 @ 8 in., bundle to main reinforcement
“ #5 @ 8 in.
top main reinforcement
across the entire deck
3-0"
N

TV SV_//' 1..fc|. X |

N\

#5 @ 7 in.
bottom reinforcement
across the entire deck

Figure 4-16 - Deck Reinforcement at I ntermediate Pier
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Design Step | LIVE LOAD DISTRIBUTION FACTORS
5.1 (S4.6.2.2)

The AASHTO-LRFD Specifications allow the use of advanced methods of analysis to
determine the live load distribution factors. However, for typical bridges, the
specifications list equations to @lculate the distribution factors for different types of
bridge superstructures. The types of superstructures covered by these equations are
described in Table $4.6.2.2.1-1. From this table, bridges with concrete decks supported
on precast concrete | or bulb-tee girders are designated as cross-section “K”. Other
tablesin $4.6.2.2.2 list the distribution factors for interior and exterior girdersincluding
cross-section “K”. The distribution factor equations are largely based on work
conducted in the NCHRP Project 12-26 and have been verified to give accurate results
compared to 3-dimensional bridge analysis and field measurements. The multiple
presence factors are already included in the distribution factor equations except when
the tables call for the use of the lever rule. In these cases, the computations need to
account for the multiple presence factors. Notice that the distribution factor tables
include a column with the heading “ range of applicability”. The ranges of applicability
listed for each equation are based on the range for each parameter used in the study
leading to the development of the equation. When the girder spacing exceeds the listed
value in the “ range of applicability” column, the specifications require the use of the
lever rule ($4.6.2.2.1). One or more of the other parameters may be outside the listed
range of applicability. In this case, the equation could still remain valid, particularly
when the value(s) is(are) only dlightly out of the range of applicability. However, if one
or more of the parameters greatly exceed the range of applicability, engineering
judgment needs to be exercised.

Article $4.6.2.2.2d of the specifications states. “In beam-slab bridge cross-sections with
diaphragms or cross-frames, the distribution factor for the exterior beam shall not be
taken less than that which would be obtained by assuming that the cross-section deflects
and rotates as a rigid cross-section”. This provision was added to the specifications
because the original study that developed the distribution factor equations did not
consider intermediate diaphragms. Application of this provision requires the presence of
a sufficient number of intermediate diaphragms whose stiffness is adequate to force the
cross section to act asa rigid section. For prestressed girders, different jurisdictions use
different types and numbers of intermediate diaphragms. Depending on the number and
stiffness of the intermediate diaphragms, the provisons of $4.6.2.2.2d may not be
applicable. For this example, one deep reinforced concrete diaphragm is located at the
midspan of each span. The stiffness of the diaphragm was deemed sufficient to force the
Ccross-section to act as a rigid section, therefore, the provisions of $4.6.2.2.2d apply.

Notice that the AASHTO Sandard Specifications express the distribution factors as a
fraction of wheel lines, whereas the AASHTO-LRFD Specifications express them as a
fraction of full lanes.

For this example, the distribution factors listed in $4.6.2.2.2 will be used.
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Design Step
511

Design Step
512

Design Step
513

Design Step
514

Notice that fatigue in the prestressing steel need not be checked for conventional
prestressed girders ($5.5.3) when maximum stress in the concrete at Service Il limit
state is taken according to Table $5.9.4.2.2-1. This statement is valid for this example.
The fatigue distribution factors are calculated in the following sections to provide the
user with a complete reference for the application of the LRFD distribution factors.

Required information:
AASHTO Type |-Beam (28/72)

Noncomposite beam area, Aq =1,085ir?
Noncomposite beam moment of inertia, I; = 733,320 in’

Deck dlab thickness, ts =8in.

Span length, L =110ft.

Girder spacing, S =9ft.- 8in.
Modulus of elasticity of the beam, Eg = 4,696 ksi (S5.4.2.4)
Modulus of elasticity of the deck, B =3,834 ks (S5.4.2.4)
C.G. to top of the basic beam =35.62in.

C.G. to bottom of the basic beam =36.38in.

Cdculate n, the modular ratio between the beam and the deck.

n =E/Eo ($4.6.2.2.1-2)
= 4,696/3,834
= 1.225

Calculate gy, the distance between the center of gravity of the noncomposite beam and
the deck. Ignore the thickness of the haunch in determining g. It is also possible to
ignore the integral wearing surface, i.e., use tt = 7.5 in. However the difference in the
distribution factor will be minimal.

€ = NAyT +t42
= 35.62 + 8/2
=39.62in.
Calculate Kg, the longitudinal stiffness parameter.
Kg =n(l + Aegd) ($4.6.2.2.1-1)
= 1.225[733,320 + 1,085(39.62)°]
= 2,984,704 in’
Interior girder

Calculate the moment distribution factor for an interior beam with two or more design
lanes loaded using Table $4.6.2.2.2b-1.

Dw = 0.075 + (S/9.5)%° (SL)*? (K /12.0Lts*)°*
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Design Step
515

Design Step
516

Design Step
517

= 0.075 + (9.667/9.5)°° (9.667/110)%2 [2,984,704/[12(110)(8)*]]**
=0.796 lane Q)

According to $4.6.2.2.2e, a skew correction factor for moment may be applied for bridge
skews greater than 30 degrees. The bridge in this example is skewed 20 degrees, and,
therefore, no skew correction factor for moment is allowed.

Calculate the moment distribution factor for an interior beam with one design lane
loaded using Table $4.6.2.2.2b-1.
Dw = 0.06 + (§/14)** (S/IL)°3 (K /12.0Lt3)%*
= 0.06 + (9.667/14)> (9.667/110)° [2,984,704/[12(110)(8)*]]**
=0.542 lane 2

Notice that the distribution factor calculated above for a single lane loaded already
includes the 1.2 multiple presence factor for a single lane, therefore, this value may be
used for the service and strength limit states. However, multiple presence factors should
not be used for the fatigue limit state. Therefore, the multiple presence factor of 1.2 for
the single lane is required to be removed from the value calculated above to determine
the factor used for the fatigue limit state.

For single-lane loading to be used for fatigue design, remove the multiple presence factor
of 1.2.

Dv =0.542/1.2
=0.452 lane 3

Skew correction factor for shear
According to $4.6.2.2.3c, a skew correction factor for support shear at the obtuse corner

must be applied to the distribution factor of all skewed bridges. The value of the
correction factor is calculated using Table $4.6.2.2.3¢-1

SC =1.0+0.20(12.0Lt/K g3 tan g
= 1.0 + 0.20[[12.0(110)(8)*]/2,984,704]%3 tan 20
=1.047

Calculate the shear distribution factor for an interior beam with two or more design lanes
loaded using Table $4.6.2.2.3a-1.

Dy = 0.2 + (§12) — (S/35)?
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Design Step
518

Design Step
519

= 0.2 + (9.667/12) — (9.667/35)>
=0.929 lane

Apply the skew correction factor:

Dy =1.047(0.929)
=0.973 lane 4)

Calculate the shear distribution factor for an interior beam with one design lane loaded
using Table $4.6.2.2.3a-1.
Dy =0.36 + (S/25.0)
=0.36 + (9.667/25.0)
=0.747 lane

Apply the skew correction factor:

Dy = 1.047(0.747)
=0.782 lane (5)

For single-lane loading to be used for fatigue design, remove the multiple presence factor
of 1.2.

Dy =0.782/1.2
=0.652 lane (6)

From (1) and (2), the service and strength limit state moment distribution factor for the
interior girder is egqual to the larger of 0.796 and 0.542 lane. Therefore, the moment
distribution factor is 0.796 lane.

From (3):
The fatigue limit state moment distribution factor is 0.452 lane

From (4) and (5), the service and strength limit state shear distribution factor for the
interior girder is equa to the larger of 0.973 and 0.782 lane. Therefore, the shear
distribution factor is 0.973 lane.

From (6):
The fatigue limit state shear distribution factor is 0.652 lane
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Design Step
5.1.10

Design Step
5.111

Design Step
5112

Exterior girder

P P

1-81/4" 2'-0"‘ 6-0" ‘ 3-6"

(AN |

S S

N E A

1-10",, 98"

Figure5.1-1 —Lever Rule
Calculate the moment distribution factor for an exterior beam with two or more design
lanes using Table $4.6.2.2.2d-1.
Dwm = €Dwminterior
e=0.77 + dJ/9.1

where d. is the distance from the centerline of the exterior girder to the
inside face of the curb or barrier.

e=0.77+1.83/9.1
=0.97

Dwm = 0.97(0.796)
=0.772 lane @)

Calculate the moment distribution factor for an exterior beam with one design lane using
the lever rule as per Table $4.6.2.2.2d-1.

Dwv =[(3.5 + 6) + 3.5]/9.667
= 1.344 wheels/2
=0.672 lane (8 (Fatigue)
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Design Step
5.1.13

Design Step
5.1.14

Design Step
5.1.15

Notice that this value does not include the multiple presence factor, therefore, it is
adequate for use with the fatigue limit state. For service and strength limit states, the
multiple presence factor for a single lane loaded needs to be included.

Dv =0.672(1.2)
= 0.806 lane 9 (Strength and Service)

Calculate the shear distribution factor for an exterior beam with two or more design lanes
loaded using Table $4.6.2.2.3b-1.

Dv = €Dvinterior

where:
e=0.6+dg10
=0.6 + 1.83/10
=0.783

Dy = 0.783(0.973)
=0.762 lane (10)

Calculate the shear distribution factor for an exterior beam with one design lane loaded
using the lever rule as per Table $4.6.2.2.3b-1. This value will be the same as the
moment distribution factor with the skew correction factor applied.

Dy = 1.047(0.672)
=0.704 lane (11) (Fatigue)

Dy = 1.047(0.806)
=0.845 lane (12) (Strength and Service)

Notice that $4.6.2.2.2d includes additional requirements for the calculation of the
distribution factors for exterior girders when the girders are connected with relatively
stiff cross-frames that force the cross-section to act as a rigid section. As indicated in
Design Step 5.1, these provisions are applied to this example; the calculations are shown
below.

Additional check for rigidly connected girders ($4.6.2.2.2d)

The multiple presence factor, m, is applied to the reaction of the exterior beam (Table
$3.6.1.1.2-1)

m, =1.20
my =1.00
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Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

mg = 0.85
R = Nu/Np+ Xe(S€)/SX (SC4.6.2.2.2d-1)
where;
R = reaction on exterior beam in terms of lanes
N_ = number of loaded lanes under consideration

e = eccentricity of adesign truck or adesign land load from the
center of gravity of the pattern of girders (ft.)

X = horizontal distance from the center of gravity of the pattern
of girdersto each girder (ft.)

Xext = horizontal distance from the center of gravity of the pattern
to the exterior girder (ft.)

See Figure 5.1-1 for dimersions.
One lane loaded (only the leftmost lane applied):
R =1/6 + 24.167(21)/[2(24.167% + 14.5° + 4.833%)]
=0.1667 + 0.310
=0.477 (Fatigue)

Add the multiple presence factor of 1.2 for asingle lane:

R =1.2(0.477)
=0.572 (Strength)

Two lanes |oaded:
R =2/6+24.167(21 + 9)/[2(24.167° + 14.5% + 4.833%)]
=0.333+0.443
=0.776

Add the multiple presence factor of 1.0 for two lanes |oaded:

R =1.0(0.776)
=0.776 (Strength)

Task Order DTFH61-02-T-63032 5-7



Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

Three lanes |oaded:

R =3/6+24.167(21 + 9— 3)/[2(24.167> + 14.5? + 4.833%)]
= 0.5+ 0.399
= 0.899

Add the multiple presence factor of 0.85 for three or more lanes loaded:

R =0.85(0.899)
=0.764 (Strength)

These values do not control over the distribution factors summarized in Design Step
5.1.16.

2

0
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<
2

ps)
W

o
w

9'-8" (TYP.)

=

N
=
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R S S S QF_(;D._

24-2"

N\10r

Figure5.1-2 - General Dimensions

Design Step | From (7) and (9), the service and strength limit state moment distribution factor for the
5.1.16 | exterior girder is equal to the larger of 0.772 and 0.806 lane. Therefore, the moment
distribution factor is 0.806 lane.

From (8):
The fatigue limit state moment distribution factor is 0.672 lane

From (10) and (12), the service and strength limit state shear distribution factor for the
exterior girder is equal to the larger of 0.762 and 0.845 lane. Therefore, the shear
distribution factor is 0.845 lane.

From (11):
The fatigue limit state shear distribution factor is 0.704 lane

Task Order DTFH61-02-T-63032 5-8



Table5.1-1 — Summary of Service and Strength Limit State Distribution Factors

Design Step 5— Design of Superstructure

Prestressed Concrete Bridge Design Example

Load Case| poment | Moment | Shear Shear
interior exterior interior exterior
beams beams beams beams

o Multiple
Distribution 365 0796 | 0772 | 0973 | 0.762
factors from loaded
Tables in Snale ]
$4.6.2.2.2 Ngielane 1 0542 | 0.806 | 0782 | 0845
loaded
Additional Multiple
check for lanes NA 0.776 NA 0.776
rigidly loaded
connected Single lane
girders loaded NA 0.572 NA 0.572
Design value 0.796 0.806 0.973 0.845

Table5.1-2 — Summary of Fatigue Limit State Distribution Factors

Load Case| poment | Moment | Shear Shear
interior exterior interior exterior
beams beams beams beams

o Multiple
Distribution | 3neg NA NA NA NA
factors from loaded
Tables in Snic]
S4.6.2.2.2 ingle lane

loaded 0.452 0.672 0.652 0.704

Additional Multiple
check for lanes NA NA NA NA
rigidly loaded
connected Single lane
girders loaded NA 0.477 NA 0.477
Design value 0.452 0.672 0.652 0.704
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Design Step 5 -Design of Superstructure Prestressed Concrete Bridge Design Example

Design Step
52

DEAD LOAD CALCULATION

Calculate the dead load of the bridge superstructure components for the controlling
interior girder. Values for the exterior girder have also been included for reference. The
girder, dlab, haunch, and exterior digphragm loads are applied to the noncomposite
section; the parapets and future wearing surface are applied to the composite section.

Interior girder

Girder weight
DCoirder ) = Ag(Qgirder)
where;
Ay = beam cross-sectional area (irf)
=1,085ir?

g = unit weight of beam concrete (kcf)
= 0.150 kcf

DCgyirder iy = (1,085/144)(0.150)
= 1.13 k/ft/girder

Deck dab weight
The total thickness of the dab is used in calculating the weight.

Girder spacing = 9.667 ft.
Slab thickness =8in.

DCya()y = 9.667(8/12)(0.150)
= 0.967 k/ft/girder

Exterior girder

Girder weight
DCgirder (B = 1.13 k/ft/girder

Deck slab weight
Slab width = overhang width + %2 girder gacing
= 3.521 + 14(9.667)
= 8.35ft.

Sab thickness =8in.
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Design Step 5 -Design of Superstructure Prestressed Concrete Bridge Design Example

DCsa ey = 8.35(8/12)(0.150)
= 0.835 k/ft/girder

Haunch weight

Width =42in.
Thickness =4in.

DChanch = [42(4)/144](0.150)
= 0.175 k/ft/girder

Notice that the haunch weight in this example is assumed as a uniform load along the full
length of the beam. This results in a conservative design as the haunch typically have a
variable thickness that decreases toward the middle of the span length. Many
jurisdictions calculate the haunch load effects assuming the haunch thickness to vary
parabolically along the length of the beam. The location of the minimum thickness
varies depending on the grade of the roadway surface at bridge location and the
presence of a vertical curve. The use of either approach is acceptable and the difference
in load effects is typically negligible. However, when analyzing existing bridges, it may
be necessary to use the variable haunch thickness in the analysis to accurately represent
the existing situation

Concrete diaphragm weight
A concrete diaphragm is placed at one- half the noncomposite span length.

Location of the diaphragms:
Span 1 = 54.5 ft. from centerline of end bearing
Span 2 = 55.5 ft. from centerline of pier

For this example, arbitrarily assume that the thickness of the diaphragm is 10 in. The
diaphragm spans from beam to beam minus the web thickness and has a depth equal to
the distance from the top of the beam to the bottom of the web. Therefore, the
concentrated load to be applied at the locations above is:

DCliaphragm = 0.15(10/12)[9.667 — (8/12)](72 — 18)/12
= 5.0625 k/girder

The exterior girder only resists half of this loading.
Par apet weight

According to the $4.6.2.2.1, the parapet weight may be distributed equally to al girders
in the cross section.

Parapet cross-sectional area = 4.33 ft?
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DCpamper = 4.33(0.150) = 0.650 k/ft
= 0.650/6 girders
= 0.108 k/ft/girder for one parapet
Therefore, the effect of two parapets yields:

DCpaape = 0.216 k/ft per girder

Future wearing surface

Interior girder

Weight/ft? = 0.030 k/ft?
Width  =9.667 ft.

DWrws )y = 0.030(9.667)
= 0.290 k/ft/girder

Exterior Girder

Weight/ft? = 0.030 k/ft?

Width = dab width — parapet width
=8.35-1.6875
= 6.663 ft.

DWrws g = 0.030(6.663)
= 0.200 k/ft/girder

Notice that some jurisdictions divide the weight of the future wearing surface equally
between all girders (i.e. apply a uniform load of 0.26 k/ft to all girders). Article
$4.6.2.2.1 states that permanent loads of and on the deck may be distributed uniformly
among the beams. This method would also be acceptable and would minimally change
the moments and shears given in the tablesin Design Sep 5.3.
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Design Step | UNFACTORED AND FACTORED LOAD EFFECTS

5.3

Design Step | Summary of loads

531

The dead load moments and shears were calculated based on the loads shown in Design

Step 5.2. The live load moments and shears were calculated using a generic live load

analysis computer program. The live load distribution factors from Design Step 5.1 are
applied to these values.

Table5.3-1 - Summary of Unfactored M oments
Interior girder, Span 1 shown, Span 2 mirror image

Noncomposite Composite LiveLoad + IM
Girder Slab Exterior Total Positive | Negative
L ocation* * % *ok ok and Diaphragm | Noncomp. Pargpet | FWS HL-93 HL-93
Haunch
(ft.) (k-ft) | k-ft) | (k-ft) (k-ft) (k-ft) (k-ft) | (k-ft) | (k-ft) (k-ft)
0 47 0 0 0 0 0 0 0 0
1.0 108 61 62 3 125 9 12 R -11
55 368 322 325 14 661 46 62 476 -58
110 656 609 615 28 1,252 85 114 886 -116
16.5 909 863 871 42 1,776 118 158 1,230 -174
22.0 1,128 | 1,082 | 1,093 56 2,230 144 193 1,509 -233
275 1,313 | 1,267 | 1,279 70 2,616 164 220 1,724 -291
33.0 1464 | 1,417 | 1,432 84 2,933 177 237 1,882 -349
38.5 1,580 [ 1,534 | 1,549 98 3,181 183 246 1,994 -407
44.0 1,663 [ 1,616 | 1,633 111 3,360 183 246 2,047 -465
495 1,711 [ 1,664 | 1,681 125 3,471 177 237 2,045 -523
54.5 1,725 [ 1,679 | 1,696 138 3,512 165 222 2,015 -576
55.0 1,725 1,678 | 1,695 137 3,511 164 220 2,010 -581
60.5 1,705 | 1,658 | 1,675 123 3,456 144 194 1,927 -640
66.0 1,650 | 1,604 | 1,620 109 3,333 118 159 1,794 -698
715 1562 [ 1,515| 1,531 9%5 3,141 86 115 1,613 -756
77.0 1,439 | 1,392 | 1,407 81 2,880 46 62 1,388 -814
82.5 1,282 | 1,236 | 1,248 67 2,551 1 1 1,124 -872
88.0 1,091 [ 1,044 | 1,055 53 2,152 -52 -69 825 -1,124
935 865 819 827 39 1,686 -110 -148 524 -1,223
99.0 606 560 565 25 1,150 -176 -236 297 -1,371
104.5 312 266 268 11 546 -248 -332 113 -1,663
108.0 110 61 62 3 125 -297 -398 33 -1,921
109.0 47 0 0 0 0 -311 -418 15 -2,006
Span2-0 - 0 0 0 0 -326 -438 0 -2,095

*  Distance from the centerline of the end bearing

** Based on the simple span length of 110.5 ft. and supported at the ends of the girders. These values are
usad to calculate stresses at transfer.

*** Based on the simple span length of 109 ft. and supported at the centerline of bearings. These values are
used to calculate the final stresses.
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Table5.3-2 — Summary of Factored M oments
Interior girder, Span 1 shown, Span 2 mirror image

Service| ** Service lll **
Location* | Strength | NC Comp. NC Comp.
(ft.) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
0 0 0 0 0 0
1.0 346 125 112 125 A
5.5 1,809 661 584 661 488
110 3,394 1,252 1,085 1,252 908
16.5 4,756 1,776 1,506 1,776 1,260
22.0 5,897 2,230 1,846 2,230 1,544
275 6,821 2,616 2,108 2,616 1,763
33.0 7,536 2,933 2,296 2,933 1,920
385 8,063 3,181 2,423 3,181 2,024
44.0 8,381 3,360 2,477 3,360 2,067
495 8,494 3,471 2,459 3,471 2,050
54.5 8,456 3,512 2,402 3,512 1,999
55.0 8,440 3,511 2,394 3,511 1,992
60.5 8,163 3,456 2,265 3,456 1,880
66.0 7,690 3,333 2,070 3,333 1,712
715 7,027 3,141 1,813 3,141 1,490
77.0 6,181 2,880 1,497 2,880 1,219
82.5 5,158 2,551 1,126 2,551 901
88.0 3,967 2,152 -1,245 2,152 -1,020
935 2,664 1,686 -1,481 1,686 -1,237
99.0 -1,535 1,150 -1,783 1,150 -1,509
104.5 -3,035 546 -2,242 546 -1,910
108.0 -4,174 125 -2,616 125 -2,232
109.0 -4,525 0 -2,734 0 -2,333
Span2-0| -4,729 0 -2,858 0 -2,439

Load Factor Combinations

Strength | = 1.25(DC) + 1.5(DW) + 1.75(LL + IM)
Servicel =1.0[DC+ DW + (LL + IM)]

Service lI1 = 1.0(DC + DW) + 0.8(LL + IM)

*  Distance from the centerline of the end bearing

** For service limit states, moments are applied to the section of the girder, i.e. noncomposite or
composite, that resists these moments. Hence, noncomposite and composite moments have to be
separated for service load calculations.
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Table 5.3-3 - Summary of Unfactored Shear
Interior girder, Span 1 shown, Span 2 mirror image

Noncomposite Composite Live Load + IM
. . Slab and | Exterior Total Positive | Negative
Location™ | Girder Haunch | Diaphragm| Noncomp. Parapet FWS HL-93 I:e|?_-93
(ft) (k) (k) (k) (k) (k) (k) (k) (k)
0 61.6 62.2 25 126.4 8.9 12.0 113.3 -12.9
1.0 60.5 61.1 2.5 124.1 8.7 11.7 111.7 -12.9
55 55.4 55.9 25 113.9 7.7 104 104.3 -13.0
11.0 49.2 49.7 2.5 1014 6.5 8.8 95.5 -13.4
165 43.0 434 25 88.9 5.4 7.2 86.9 -15.9
22.0 36.7 37.1 2.5 76.4 4.2 5.6 78.7 -20.6
275 305 30.8 25 63.9 3.0 4.0 70.8 -26.0
33.0 24.3 24.6 2.5 51.4 1.8 2.4 63.1 -32.8
385 181 18.3 25 389 0.6 0.8 55.9 -39.8
44.0 11.9 12.0 25 26.4 -0.6 -0.8 489 -46.8
495 5.7 5.7 2.5 13.9 -1.8 2.4 424 -54.0
545 0 0 -2.5 -25 -2.9 -3.8 36.8 -60.5
55.0 -0.6 -0.6 -2.5 -3.7 -3.0 -4.0 36.2 -61.2
60.5 -6.8 -6.9 -2.5 -16.2 -4.2 -5.6 304 -68.4
66.0 -13.0 -13.1 -2.5 -28.7 -5.3 -7.2 25.0 -75.7
715 -19.2 -19.4 -2.5 -41.2 -6.5 -8.8 20.0 -82.9
77.0 -25.4 -25.7 -2.5 -53.7 -7.7 -10.4 154 -90.1
825 -31.7 -32.0 -2.5 -66.1 -8.9 -12.0 11.3 -97.3
88.0 -37.9 -38.3 -2.5 -78.6 -10.1 -13.6 8.2 -104.3
935 -44.1 -44.5 -2.5 -91.1 -11.3 -15.1 55 -111.3
99.0 -50.3 -50.8 -2.5 -103.6 -12.5 -16.7 3.2 -118.0
104.5 -56.5 -57.1 -2.5 -116.1 -13.7 -18.3 1.2 -124.7
108.0 -60.5 -61.1 -2.5 -124.1 -14.4 -19.4 0.4 -128.7
109.0 -61.6 -62.2 -2.5 -126.4 -14.6 -19.6 0.2 -129.9
Span2-0 0 0 0 0 -14.8 -19.9 0 -131.1

* Distance from the centerline of the end bearing
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Table5.3-4 — Summary of Factored Shear
Interior girder, Span 1 shown, Span 2 mirror image

Location* | Strength | | Service | | Service Il
(ft) (k) (k) (k)
0 385.4 260.6 237.9
1.0 379.0 256.2 233.8
5.5 350.0 236.2 215.4
11.0 315.1 212.1 193.0
16.5 280.7 188.3 170.9
22.0 246.8 164.8 149.1
275 2134 141.6 127.5
33.0 180.6 118.7 106.1
38.5 148.3 96.2 85.0
44.0 116.7 74.0 64.2
495 85.7 52.1 436
54.5 -118.4 -69.7 -57.6
55.0 -121.3 -71.8 -59.6
60.5 -153.5 -94.3 -80.6
66.0 -185.7 -116.9 -101.7
715 -217.9 -139.4 -122.8
77.0 -250.0 -161.8 -143.8
82.5 -282.0 -184.3 -164.8
88.0 -313.8 -206.6 -185.7
93.5 -345.4 -228.8 -206.6
99.0 -376.8 -250.9 -227.3
104.5 -407.9 -272.8 -247.8
108.0 -427.4 -286.6 -260.8
109.0 -433.0 -290.5 -264.5
Span2-0| -277.8 -165.8 -139.6

Load Factor Combinations

Strength| = 1.25(DC) + 1.5(DW) + 1.75(LL + IM)
Service| =1.0[DC + DW + (LL +IM)]

Service Il = 1.0(DC + DW) + 0.8(LL + IM)

* Distance from the centerline of the end bearing
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Table 5.3-5 - Summary of Unfactored Moments
Exterior girder, Span 1 shown, Span 2 mirror image

Noncomposite Composite Live Load + IM
Location* * % S rde: *k Is-:z?,ll’Ia(?l‘? DIIE;(Ft)ﬁrI’IaOgrm No-[l(():t)ip. Parapet FWS Pl‘?i'-t Ig\ge Nﬁ?ftgl\ée
(ft.) (k-ft) | (k-ft) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
0 a7 0 0 0 0 0 0 0 0

1.0 108 61 55 1 117 9 8 93 -11
5.5 368 322 288 7 616 46 41 482 -59
11.0 656 609 545 14 1,168 85 77 897 -118
16.5 909 863 771 21 1,655 118 106 1,245 =177
220 1,128 | 1,082 967 28 2,076 144 130 1,528 -236
275 1,313 | 1,267 | 1,132 35 2,434 164 148 1,746 -294
330 1464 | 1,417 | 1,267 12 2,726 177 160 1,906 -353

38.5 1580 | 1,534 | 1,371
44.0 1,663 | 1,616 | 1,445

49 2,954 183 165 2,019 -412
56 3,117 183 166 2,073 -471
49.5 1,711 | 1,664 | 1,488 63 3,215 177 160 2,071 -530
54.5 1,725 1,679 | 1,501 69 3,248 165 149 2,041 -583
55.0 1,725( 1,678 | 1,501 68 3,247 164 148 2,035 -589

61

4

48

41

A

60.5 1,705 | 1,658 | 1,482 3,202 144 130 1,951 -648
66.0 1,650 | 1,604 | 1,434 3,092 118 107 1,816 -706

715 1562 1,515 | 1,355 2,917 86 7 1,633 -765
77.0 1,439 | 1,392 | 1,245 2,678 46 42 1,406 -824
825 1282 | 1,236 | 1,105 2,374 1 1 1,139 -883
88.0 1,091 | 1,044 934 27 2,005 -52 -47 836 -1,138
935 865 819 732 20 1,571 -110 -100 531 -1,238
99.0 606 560 500 13 1,072 -176 -159 300 -1,389
104.5 312 266 238 6 509 -248 -224 114 -1,683
108.0 110 61 55 1 117 -297 -268 33 -1,945
109.0 a7 0 0 0 0 -311 -281 15 -2,031
Span2-0f - 0 0 0 0 -326 -294 0 -2,121

*  Distance from the centerline of the end bearing

**  Based on the simple span length of 110.5 ft. and supported at the ends of the girders. These values are
used to calculate stresses at transfer.

*** Based on the simple span length of 109 ft. and supported at the centerline of bearings. These values are
used to calculate the final stresses.
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Table5.3-6 — Summary of Factored M oments
Exterior girder, Span 1 shown, Span 2 mirror image

Service | ** Service lll **
Location* | Strength | NC Comp. NC Comp.
(ft.) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
0 0 0 0 0 0
1.0 331 117 110 117 91
5.5 1,734 616 570 616 473
11.0 3,251 1,168 1,059 1,168 879
165 4,554 1,655 1,469 1,655 1,220
22.0 5,644 2,076 1,801 2,076 1,496
275 6,524 2,434 2,057 2,434 1,708
33.0 7,203 2,726 2,242 2,726 1,861
38.5 7,702 2,954 2,368 2,954 1,964
44.0 8,001 3,117 2,422 3,117 2,007
49.5 8,103 3,215 2,407 3,215 1,993
545 8,061 3,248 2,355 3,248 1,947
55.0 8,047 3,247 2,347 3,247 1,940
60.5 7,793 3,202 2,226 3,202 1,836
66.0 7,351 3,092 2,041 3,092 1,678
715 6,727 2,917 1,796 2,917 1,469
77.0 5,928 2,678 1,494 2,678 1,213
825 4,961 2,374 1,140 2,374 912
83.0 3,834 2,005 -1,237 2,005 -1,009
935 2,605 1,571 -1,448 1,571 -1,201
99.0 -1,547 1,072 -1,723 1,072 -1,445
104.5 -2,954 509 -2,154 509 -1,818
108.0 -4,031 117 -2,510 117 -2,121
109.0 -4,364 0 -2,623 0 -2,217
Span2-0| -4,560 0 -2,741 0 -2,317

Load Factor Combinations

Strength | = 1.25(DC) + 1.5(DW) + 1.75(LL + IM)
Servicel =1.0[DC+ DW + (LL + IM)]

Service II1 = 1.0(DC + DW) + 0.8(LL + IM)

*  Distance from the centerline of the end bearing

** For service limit states, moments are applied to the section of the girder, i.e. noncomposite or
composite, that resists these moments. Hence, noncomposite and composite moments have to be
separated for service load calculations.
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Prestressed Concrete Bridge Design Example

Table5.3-7 - Summary of Unfactored Shear
Exterior girder, Span 1 shown, Span 2 mirror image
Noncomposite Composite Live Load + IM
. . Slab Exterior Total Positive | Negative
Location* | Girder and Diaphragm | Noncomp. Parapet FWS HL-93 :E 93
Haunch
(ft) (k) (k) (k) (k) (k) (k) (k) (k)
0 61.6 55.1 1.3 117.9 8.9 8.1 984 -11.2
1.0 60.5 54.1 1.3 115.8 8.7 7.9 97.0 -11.2
5.5 554 495 1.3 106.2 7.7 7.0 90.6 -11.3
11.0 49.2 44.0 1.3 94.4 6.5 5.9 82.9 -11.6
16.5 43.0 38.4 1.3 82.6 54 4.8 75.5 -13.8
22.0 36.7 32.8 1.3 70.8 4.2 3.8 68.3 -17.9
275 30.5 27.3 1.3 59.1 3.0 2.7 61.4 -22.6
33.0 24.3 217 1.3 47.3 1.8 1.6 54.8 -28.5
38.5 18.1 16.2 1.3 35.5 0.6 0.5 48.5 -34.5
44.0 11.9 10.6 1.3 23.7 -0.6 -0.5 42.5 -40.7
495 57 51 1.3 12.0 -1.8 -1.6 36.8 -46.9
54.5 0 0 -1.3 -1.3 -2.9 -2.6 31.9 -52.6
55.0 -0.6 -0.5 -1.3 -2.3 -3.0 -2.7 314 -53.1
60.5 -6.8 -6.1 -1.3 -14.1 -4.2 -3.8 26.4 -59.4
66.0 -13.0 -11.6 -1.3 -25.9 -5.3 -4.8 217 -65.7
715 -19.2 -17.2 -1.3 -37.7 -6.5 -5.9 174 -72.0
77.0 -25.4 -22.7 -1.3 -49.4 -7.7 -7.0 134 -78.3
82.5 -31.7 -28.3 -1.3 -61.2 -8.9 -8.0 9.8 -84.5
88.0 -37.9 -33.9 -1.3 -73.0 -10.1 -9.1 7.2 -90.6
93.5 -44.1 -39.4 -1.3 -84.8 -11.3 -10.2 4.8 -96.6
99.0 -50.3 -45.0 -1.3 -96.5 -12.5 -11.3 2.8 -102.5
104.5 -56.5 -50.5 -1.3 -108.3 -13.7 -12.3 1.0 -108.3
108.0 -60.5 -54.1 -1.3 -115.8 -14.4 -13.0 0.4 -111.8
109.0 -61.6 -55.1 -1.3 -117.9 -14.6 -13.2 0.2 -112.8
Span2-0 0 0 0 0 -14.8 -13.4 0 -113.8
* Distance from the centerline of the end bearing
Task Order DTFH61-02-T-63032 5-19



Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

Table 5.3-8 — Summary of Factored Shear
Exterior girder, Span 1 shown, Span 2 mirror image

Location* | Strength| | Service | |Service lll
(ft) (k) (k) (k)
0 342.9 233.3 213.7
1.0 337.2 229.4 210.0
5.5 311.3 211.4 193.3
110 280.1 189.7 173.2
16.5 249.3 168.3 153.2
22.0 219.0 147.1 133.4
275 189.1 126.2 113.9
33.0 159.7 105.5 94.6
385 130.9 85.2 75.5
44.0 102.5 65.1 56.6
495 74.8 454 38.0
54.5 -101.0 -59.3 -48.7
55.0 -103.6 -61.1 -50.5
60.5 -132.4 -81.4 -69.5
66.0 -161.3 -101.8 -88.6
715 -190.1 -122.1 -107.7
77.0 -218.8 -142.4 -126.7
825 -247.5 -162.6 -145.7
88.0 -276.0 -182.8 -164.7
935 -304.4 -202.8 -183.5
99.0 -332.5 -222.8 -202.2
104.5 -360.4 -242.5 -220.9
108.0 -377.9 -255.0 -232.7
109.0 -382.9 -258.6 -236.0
Span2-0| -237.8 -142.1 -119.3

L oad Factor Combinations

Strength | = 1.25(DC) + 1.5(DW) + 1.75(LL + IM)
Servicel =1.0[DC+ DW + (LL + IM)]

Service Il1 = 1.0(DC + DW) + 0.8(LL + IM)

* Distance from the centerline of the end bearing

Based on the analysis results, the interior girder controls the design. The remaining
sections cowvering the superstructure design are based on the interior girder analysis. The
exterior girder calculations would be identical.
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Design Step | ANALY SIS OF CREEP AND SHRINKAGE EFFECTS
532

Design Step | Creep effects

5321
The compressive stress in the beams due to prestressing causes the prestressed beams to
creep. For simple span pretensioned beams under dead loads, the highest compression in
the beams is typically at the bottom, therefore, creep causes the camber to increase, i.e.,
causes the upward deflection of the beam to increase. This increased upward deflection
of the simple span beam is not accompanied by stresses in the beam since there is no
rotational restraint of the beam ends. When simple gan beams are made continuous
through a connection at the intermediate support, the rotation at the ends of the beam due
to creep taking place after the connection is established are restrained by the continuity
connection. This results in the development of fixed end moments (FEM) that maintain
the ends of the beams as flat. As shown schematically in Figure 5.3-1 for a two-span
bridge, the initial deformation is due to creep that takes place before the continuity
connection is established. If the beams were left as simple spans, the creep deformations
would increase; the deflected shape would appear as shown in part “b” of the figure.
However, due to the continuity connection, fixed end moments at the ends of the beam will
be required to restrain the end rotations after the continuity connection is established as
shown in part “ ¢’ of the figure. The beam is analyzed under the effects of the fixed end
moments to determine the final creep effects.

Smilar effects, albeit in the opposite direction, take dace under permanent loads. For
ease of application, the effect of the dead load creep and the prestressing creep are
analyzed separately. Figures 5.3-2 and 5.3-3 show the creep moment for a two-span
bridge with straight strands. Notice that the creep due to prestressing and the creep due
to dead load result in restrained moments of opposite sign. The creep from prestressing
typically has a larger magnitude than the creep from dead loads.
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a) Initial Deformation
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b) Final "Free" Deformation (simple-span)

c) Final Deformation and Associated Restraint Moments for Simple
Spans Made Continuous

Figure5.3-1 - Prestressed Creep Deformations and Restraint Moments

Dead Load Creep (non-composite DL)
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Dead Load Creep "Restraint" Moment
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Figure5.3-2 - Dead L oad Creep Moment
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Applied P/S Creep Moment, M. ¢

Figure5.3-3 - Prestressed Cregp Moment

Shrinkage effects

The shrinkage of the pretensioned beams is different from the shrinkage of the deck slab.
Thisis due to the difference in the age, concrete strength, and method of curing of the two
concretes.  Unlike creep, differential shrinkage induces stresses in all prestressed
composite beams, including ssimple spans. The larger shrinkage of the deck causes the
composite beams to sag as shown in Figure 5.3-4. The restraint and final moments are
also shown schematically in the figure.
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Applied Shrinkage "Driving" Moment, M,

. @

Plus the Shrinkage "Restraint" Moment

Figure5.3-4 - Shrinkage M oment

Calculations of creep and shrinkage effects

The effect of creep and drinkage may be determined using the method outlined in the
publication entitled “ Design of Continuous Highway Bridges with Precast, Prestressed
Concrete Girders” published by the Portland Cement Association (PCA) in August 1969.
This method is based on determining the fixed end moments required to restrain the ends
of the simple span beam after the continuity connection is established. The continuous
beam is then analyzed under the effect of these fixed end moments. For creep effects, the
result of this analysisis the final result for creep effects. For shrinkage, the result of this
analysis is added to the constant moment from shrinkage to determine the final shrinkage
effects. Based on the PCA method, Table 5.3-9 gives the value of the fixed end moments
for the continuous girder exterior and interior spans with straight strands as a function of
the length and section properties of each span. The fixed end moments for dead load
creep and shrinkage are also applicable to beams with draped strands. The PCA
publication has formulas that may be used to determine the prestress creep fixed end
moments for beams with draped strands.
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Table5.3-9 - Fixed End Actionsfor Creep and Shrinkage Effects

©) Fixed End Action @
Sign Convention:

Note: FEA taken from 1969 PCA document,

Design of Continuous Highway Bridges with
Precast, Prestressed Concrete Girders

DL Creep P/S Creep Shrinkage

Left Interior Right Left End | Interior Right Left End| Interior Right

End End End End

Span Span Span Span Span Span Span | Span Span
Left Moment (1) 0 | 2/3(Mp) | Mo 0 2Elg/lL | 3ElglL 0 Ms | 1.5Ms
Right Moment (2) -Mp | -2/3(Mp) | O | -3ElglL |-2ElglL 0 -1.5Ms | -Ms 0
Left Shear (3) -Mo/L| O Mo/l | -3EIg/L>| O 3EIgL? | -3Ms2L | 0 |3My/2L
Right Shear (4) Mo/L 0 -Mp/L| 3EIgL®> | O |-3EIgL?| 3Ms/2L | O  |-3Ms/2L

Notation for Fixed End Actions:

Mp = maximum nortcomposite dead load moment

L =simple span length

E: =modulus of elasticity of beam concrete (final)

| = moment of inertia of composite section

g = end rotation due to eccentric P/S force

Ms = applied moment due to differential shrinkage between dlab and beam

Design Step | Effect of beam age at the time of the continuity connection application

53.2.3
The age of the beam at the time of application of the continuity connection has a great
effect on the final creep and shrinkage moments. As the age of the beam increases before
pouring the deck and establishing the continuity connection, the amount of creep, and the
resulting creep load effects, that takes place after the continuity connection is established
gets smaller. The opposite happens to the shrinkage effects as a larger amount of beam
shrinkage takes place before establishing the continuity connection leading to larger
differential shrinkage between the beam and the deck.
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Dueto practical considerations, the age of the beam at the time the continuity connection
is established can not be determined with high certainty at the time of design. In the past,
two approaches were followed by bridge owners to overcome this uncertainty:

1) Ignore the effects of creep and shrinkage in the design of typical bridges. (The
jurisdictions following this approach typically have lower stress limits at service
limit states to account for the additional loads from creep and shrinkage.)

2) Account for creep and shrinkage using the extreme cases for beam age at the time
of establishing the continuity connection. This approach requires determining the
effect of creep and shrinkage for two different cases. a deck poured over a
relatively “ old” beam and a deck poured over a relatively “ young” beam. One
state that follows this approach is Pennsylvania. The two ages of the girders
assumed in the design are 30 and 450 days. In case the beam age is outside these
limits, the effect of creep and shrinkage is reanalyzed prior to construction to
ensure that there are no detrimental effects on the structure.

For this example, creep and shrinkage effects were ignored. However, for reference
purposes, calculations for creep and shrinkage are shown in Appendix C.
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Design Step
54

Design Step
541

L OSS OF PRESTRESS
(S5.9.5)

General

Loss of prestress can be characterized as that due to instantaneous loss and time-
dependent loss. Losses due to anchorage set, friction and elastic shortening are
Instantaneous. Losses due to creep, shrinkage and relaxation are time-dependent.

For pretensioned members, prestress loss is due to elastic shortening, shrinkage, creep
of concrete and relaxation of steel. For members constructed and prestressed in a single
stage, relative to the stress immediately before transfer, the loss may be taken as:

Dpr = Dprs+ Dcpsq'i‘ DprR + Dprz (%.9.5.1—1)

where:
Dfes = lossdueto elastic shortening (ksi)

Dfpx = loss due to shrinkage (ksi)
Dfpcr = loss due to creep of concrete (ksi)
Dfpre = loss due to relaxation of steel after transfer (ksi)

Notice that an additional loss occurs during the time between jacking of the strands and
transfer. This component isthe loss due to the relaxation of steel at transfer, Dfprs.

The stress limit for prestressing strands of pretensioned members given in $5.9.3 is for
the stress immediately prior to transfer. To determine the jacking stress, the loss due to
relaxation at transfer, Dfpr1, Needs to be added to the stress limits in $5.9.3. Practices
differ from state to state as what strand stress is to be shown on the contract drawings.
The Specifications assume that the designer will determine the stress in the strands
immediately before transfer. The fabricator is responsible for determining the jacking
force by adding the relaxation loss at transfer, jacking losses and seating losses to the
Engineer-determined stress immediately prior to transfer. The magnitude of the jacking
and seating losses depends on the jacking equipment and anchorage hardware used in
the precasting yard. It is recommended that the Engineer conduct preliminary
calculations to determine the anticipated jacking stress.

Accurate estimation of the total prestress loss requires recognition that the time
dependent losses resulting from creep and relaxation are interdependent. If required,
rigorous calculation of the prestress |osses should be made in accordance with a method
supported by research data. However, for conventional construction, such a refinement
is seldom warranted or even possible at the design stage, since many of the factors are
either unknown or beyond the designer’s control. Thus, three methods of estimating
time-dependent losses are provided in the LRFD Specifications: (1) the approximate
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Design Step
54.2

Design Step
54.3

lump sum estimate, (2) a refined estimate, and (3) the background necessary to perform
arigorous time-step analysis.

The Lump Sum Method for calculating the time-dependent losses is presented in S5.9.5.3.
The values obtained from this method include the loss due to relaxation at transfer, Dfprs .
To determine the time-dependent loss after transfer for pretensioned members, Dfpri
needs to be estimated and deducted from the total time-dependent losses cal culated using
$.9.5.3. The refined method of calculating time-dependent losses is presented in
$5.9.5.4. The method described above is used in this example.

A procedure for estimating the losses for partially prestressed members, which is
analogous to that for fully prestressed members, isoutlined in SC5.9.5.1.

Calculatetheinitial stressin thetendonsimmediately prior to transfer (S5.9.3).
fpt + DprS = 075fpu
=0.75(270)
=202.5ksi

Deter mine the instantaneous losses (S5.9.5.2)

Friction (S5.9.5.2.2)

The only friction loss possible in a pretensioned member is at hold-down devices for
draping or harping tendons. The LRFD Specifications specify the consideration of these
losses.

For this example, al strands are straight strands and hold-down devices are not used.

Elastic Shortening, Drpes (S5.9.5.2.3)

The prestress loss due to elastic shortening in pretensioned members is taken as the
concrete stress at the centroid of the prestressing steel at transfer, foge, multiplied by the
ratio of the modulus of elasticities of the prestressing steel and the concrete at transfer.
Thisispresented in Eq. $5.9.5.2.3a-1.

where:
fegp=sum of concrete stresses at the center of gravity of prestressing
tendons due to the prestressing force at transfer and the self-
weight of the member at the sections of maximum moment (ksi)

E, = modulus of elasticity of the prestressing steel (ksi)

Es = modulus of elasticity of the concrete at transfer (ksi)
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Applying this equation requires estimating the stress in the strands after transfer.
Proposed estimates for pretensioned membersare givenin $5.9.5.2.3a.

Alternatively, the loss due to elastic shortening may be calculated using Eq. C5.9.5.2.3a-
1

= Aty teisAg) - €usM g A (SC5.9.5.2.3a-1)

Df
P Ayl ,Eg

Aps(l g + e524.5' Ag ) +
p
where:
&5 = average eccentricity of prestressing steel at midspan (in.)

foot = Stressin prestressing steel immediately prior to transfer as
specified in Table $5.9.3-1; 0.75fp, (ksi)

Mg = midspan moment due to member self-weight (k-in)
The alternative approach is used for this example.

_ 44(0.153)[0. 75(270)][733,320+ 31.382(L085)J- 31.38(20,142)(1,085)
B ]+ 1,085(733,320)(4,200)
28,500

Dfpes
44(0.153)[733,320+ 31.38%(1,085)

Diyes = 13.7 ks

Design Step | Calculatethe prestressing stress at transfer
544
fot = Stress immediately prior to transfer — Dfyes
=2025-13.7
= 188.8 ksi

Design Step | Calculate the prestressing force at transfer
545
P = Nstrands(Aps) (fpt)
= 44(0.153)(188.8)
= 1,271 kips (initia loss = 6.77%)

Design Step | Time-dependent losses after transfer, refined method (S5.9.5.4)

5.4.6
Refined estimated time-dependent losses are specified in $5.9.5.4. The refined method
can provide a better estimate of total |osses than the Lump Sum Method of $5.9.5.3.
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Design Step
54.6.1

Design Step
5.4.6.2

Shrinkage Losses (55.9.5.4.2)

The expression for prestress loss due to shrinkage is a function of the average annual
ambient relative humidity, H, and is given as Equation $5.9.5.4.2-1 for pretensioned
members.

Dfge = (17.0—0.15H) (ksi) ($5.9.5.4.2-1)

where:
H = the average annual ambient relative humidity (%)

The average annual ambient relative humidity may be obtained from local weather
statistics or taken from the map of Figure $5.4.2.3.3-1 shown below.

HONOLULU &=,

o N {}"‘

HAWAII 707,

Figure S5.4.2.3.3-1 — Annual Average Ambient Relative Humidity in Percent
Calculate the loss due to shrinkage, Dfysr

For the Atlanta, Georgia area, where the example bridge is assumed, the average relative
humidity may be taken as 70%.

Df,sz = 17.0—0.15(70)
=6.5ksl

Creep losses (S5.9.5.4.3)

The expression for prestress losses due to creep is a function of the concrete stress at the
centroid of the prestressing steel at transfer, fcgp, and the change in concretestress at the
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centroid of the prestressing steel due to all permanent loads except those at transfer,
Dfcgp, and is given by the Eq. $5.9.5.4.3-1.

Dfpecr = 12.0fcgp — 7.0Dfop 2 O ($5.9.5.4.3-1)
where:
fegp = concrete stress at the center of gravity of the prestressing steel at
transfer (ksi)

Dfcgp =change in concrete stress at center of gravity of prestressing steel
due to permanent loads, except the load acting at the time the
prestressing force is applied. Values of Dfp should be calculated at
the same section or at sections for which fegp is calculated (ksi)

The value of Dfyyp, includes the effect of the weight of the diaphragm, slab and haunch,
parapets, future wearing surface, utilities and any other permanent loads, other than the
loads existing at transfer at the section under consideration, applied to the bridge.

Calculate the loss due to creep, Dfpcr

Determine the concrete stress at the center of gravity of prestressing steel at transfer, fegp.

fcgp = A g 8 I ¢} 6 l [¢]
1+ ps%pr%_'_eéSAgg
g Eci % Ig a
44(0.153)(0.75(270)) & | 31.38°(1,085) 0 20,142(31.38)
f B 1,085 C 7830 5 13830
cgp -

, 44(0.153) 228,500 2 31.38°(1085)

1085 §&4,200 g 738320 7

1

fgp = [1.256(2.457) —0.862]/1.103
= 2.016 ks

Notice that the second term in both the numerator and denominator in the above
equation for fg, makes this calculation based on the transformed section properties.

Calculating fcgp using the gross concrete section properties of the concrete section is also
acceptable, but will result in a higher concrete stress and, consequently, higher
calculated losses. Deleting the second term from both the numerator and denominator of
the above equation gives the stress based on the gross concrete section properties.
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Design Step
54.6.3

The value of fg may also be determined using two other methods:

1) Use the same equation above and set the stress in the strands equal to the stress
after transfer (188.8 ks) instead of the stress immediately prior to transfer
(0.75fpu = 202.5 ksi) and let the value of the denominator be 1.0.

2) Since the change in the corcrete strain during transfer (strain immediately prior to
transfer minus strain immediately after transfer) is equal to the change in strain in
the prestressing strands during transfer, the change in concrete stress is equal to
the change in prestressing gress during transfer divided by the modular ratio
between prestressing steel and concrete at transfer. Noticing that the concrete
stress immediately prior to transfer is 0.0 and that the change in prestressing
stress during transfer is the loss due to elastic shortening = 13.7 ks, fg can be
caculated as:

fegp = 13.7/(28,500/4,200)
=2.019ks @2.016 ks calculated above (difference due to rounding)

Determine Dfeyp as defined above.
Dfep = [(Maia+ Msap)esas 1/lg + [(Mparapet + Mrwg (N.A. beambor — CGSps)]/Ic
Dfegp = [(138 + 1,696)(12)31.38]/733,320 + [(165 + 222)(12)(51.54 — 5.0)]/1,384,254
Dfegp = 1.10ksi

Solving,

Df,cr= 12.0(2.016) — 7.0(1.10)
= 16.49 ksi

Relaxation (S5.9.5.4.4)

The total relaxation at any time after transfer is composed of two components: relaxation
at transfer and relaxation after transfer.

After Transfer (S5.9.5.4.4¢):

Article $5.9.5.4.4c provides equations to estimate relaxation after transfer for
pretensioned members with stress-relieved or low relaxation strands.

For pretensioning with stress-relieved strands:

Dfye = 20.0 — 0.4Dfyes — 0.2(Dfpsr + Dfpcr) (ksi)  (S5.9.5.4.4c-1)
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Design Step
54.7

Design Step
548

where:
Dfpes = loss due to elastic shortening (ksi)

Dfpr = lossdueto shrinkage (ksi)
Dfper = loss due to creep of concrete (ksi)

For prestressing steels with low relaxation properties conforming to AASHTO M 203
(ASTM A 416 or E 328) use 30% of Dfpr> given by the above equation.

Relaxation losses increase with increasing temperatures. The expressions given for
relaxation are appropriate for normal temperature ranges only.

Losses due to relaxation should be based on approved test data. If test data is not
available, the loss may be assumed to be 3.0 ksi.

Cadlculate the loss due to relaxation after transfer, Dfgro

Dfje = 20.0—0.4(13.7) —0.2(6.5 + 16.49)
= 9.92 ks

For low relaxation strands, multiply Dfprz by 30%.
Dpr2 = 0.3(9.92)
=298ksi

Calculatetotal loss after transfer

Dfpr = Dfpes + Dfpsr + Dfpcr + Dfgro
=13.7+ 6.5+ 16.49 + 2.98
= 39.67 ks

Calculate thefinal effective prestressresponses
Max f,e =0.80fyy (Table S5.9.3-1 — Stress Limits for Presstressing Tendons at
the Service Limit State after all losses)
=0.8(243)
=194.4 ksi

Calculate the actual effective prestress stress after all losses

= 0.75(270) — 39.67
=162.83ks < 1944ks OK
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Calculate the actual effective prestress force after all losses

Pe = Nstrands(Aps)(fpe)
= 44(0.153)(162.83)
= 1,096 kips (total loss = 19.59%)

Design Step | Calculate jacking stress, fy;
5.4.9

As indicated earlier, the Fabricator is responsible for calculation of the jacking force.
The calculations presented below are for reference purposes.

As shown earlier, the stress in the prestressing strands immediately prior to transfer is
202.5ks.

The Jacking Stress, f,; = Stress immediately prior to transfer + Relaxation loss at transfer

Relaxation at transfer (S5.9.5.4.4b) — time-dependent loss

Generally, the initial relaxation loss is now determined by the Fabricator. Where the
Engineer is required to make an independent estimate of the initial relaxation loss, or
chooses to do so as provided in $5.9.5.1, the provisions of this article may be used as a
guide. If project-specific information is not available, the value of f,; may be taken as
0.80f, for the purpose of this calculation. For this example, fp; will be taken as 0.75f,.

Article $5.9.5.4.4b provides equations to estimate relaxation at transfer for pretensioned
members, initially stressed in excess of 50% of the tendon’s tensile strength, fpu.

For low-relaxation strands:

éf . u
Dy = |09(24'0t)§ § . 0.55¢f ($5.9.5.4.4b-2)
40.0 @fpy B

where:
t = time estimated in days from stressing to transfer (days) assumed to
be 1 day for this example

fo; =initial stressin the tendon at the end of stressing (ksi) assumed to be
205.0 ksi for this example

foy = specified yield strength of prestressing steel (ksi)

D = log(24.0(1)) €205.0 0_55?050
400 §&243
Dprl =2.08 ksi
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Therefore,
Jacking stress, f; =202.5+ 2.08
= 204.58 ksi
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Design Step | STRESSIN PRESTRESSING STRANDS

55
Design Step | Stressin prestressing strands at nominal flexural resistance
551

The stress in prestressing steel at nominal flexural resistance may be determined using
stress compatibility analysis. Inlieu of such analysis a simplified method is presented in
$.7.3.1.1. This method is applicable to rectangular or flanged sections subjected to
flexure about one axis where the Whitney stress block stress distribution specified in
$6.7.2.2 is used and for which fe, the effective prestressing steel stress after losses, is not
lessthan 0.5f,,. The average stressin prestressing stee!, f,s, may be taken as:

fos = foll 1 —K(c/dy)] (S5.7.3.1.1-1)

where;
k =2(1.04 - foy /fon) ($5.7.3.1.1-2)

The vaue of “k” may be caculated using the above equation based on the type and
properties of prestressing steel used or it may be obtained from Table SC5.7.3.1.1-1.

The distance from the neutral axis to the compression face of the member may be
determined as follows:

for T-section behavior (Eg. S5.7.3.1.1-3):

_ Apsfpu t Aty - AlL- 085 f¢(b-b, )y

0.85f¢R b, + kApS%

p

for rectangular section behavior (Eq. S5.7.3.1.1-4):

_ Apsf pu + Asfy - A(sf)(/
fpu

p

0.85f¢R b + kA,
T-sections where the neutral axis lies in the flange, i.e, “C’ is less than the dab
thickness, are considered rectangular sections.
From Table SC5.7.3.1.1-1:

k =0.28 for low relaxation strands

Assuming rectangular section behavior with no compression steel or mild tension
reinforcement:
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For the midspan section

Total section depth, h = girder depth + structural slab thickness
=72+75
=79.5in.

d, =h— (distance from bottom of beam to location of P/S steel force)
=795-50
=745in.

b; =0.85for 4 ks slab concrete (S5.7.2.2)

b = effective flange width (calculated in Section 2 of this example)
=111in.

c =6.73(270)/[0.85(4)(0.85)(111) + 0.28(6.73)(270/74.5)]
=5.551n. < structural slab thickness=7.5in.
The assumption of the section behaving as a rectangular section is correct.

Notice that if “c” from the calculations above was greater than the structural slab
thickness (the integral wearing surface is ignored), the calculations for “c¢” would have
to be repeated assuming a T-section behavior following the steps below:

1) Assume the neutral axis lies within the precast girder flange thickness and
calculate “ c”. For this calculation, the girder flange width and area should be
converted to their equivalent in slab concrete by multiplying the girder flange
width by the modular ratio between the precast girder concrete and the slab
concrete. The web width in the equation for “ c” will be substituted for using the
effective converted girder flange width. If the calculated value of “ ¢’ exceeds the
sum of the deck thickness and the precast girder flange thickness, proceed to the
next step. Otherwise, use the calculated value of “ ¢” .

2) Assume the neutral axis is below the flange of the precast grder and calculate
“c”. Theterm*“0.85 f¢by(b — by)” in the calculations should be broken into two
terms, one refers to the contribution of the deck to the composite section flange
and the second refers to the contribution of the precast girder flange to the
composite girder flange.

fos = foul 1 — K(C/d)] (S5.7.3.1.1-1)
= 270[1 — 0.28(5.55/74.5)]
= 264.4 ks
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Design Step | Transfer and development length
55.2
Transfer Length = 60(Strand diameter) (S5.11.4.1)
=60(0.5in.)
=30in.

Development Length = lg 3 K[fps— (2/3)fpe] (S5.11.4.2-1)

From earlier calculations:
fos =264.4ks (Design Step 5.4.8)
foe =162.83ks (Design Step 5.5.1)

From S5.11.4.2, k = 1.6 for fully bonded strands
From S5.11.4.3, k = 2.0 for partially debonded strands

For fully bonded strands (32 strands):
ls 3 1.6[264.4—(2/3)162.83](0.5) = 124.7 in. (10.39 ft. or 10'-4 11/16”)
For partially debonded strands (two groups of 6-strands each):

l¢ @ 2.0[264.4—(2/3)162.83](0.5) = 155.8 in. (12.98 ft. or 12'-11 %4

Design Step | Variation in stressin prestressing steel along the length of the girders

55.3
According to $5.11.4.1, the prestressing force, foe, may be assumed to vary linearly from
0.0 at the point where bonding commences to a maximum at the transfer length.
Between the transfer length and the development length, the strand force may be
assumed to increase in a parabolic manner, reaching the tensile strength of the strand at
the devel opment length.

To simplify the calculations, many jurisdictions assume that the stress increases linearly
between the transfer and the development lengths. This assumption is used in this
example.

As shown in Figures 2-5 and 2-6, each beam contains three groups of strands:
Group 1: 32 strands fully bonded, i.e., bonded length starts 9 in. outside the centerline
of bearings of the noncomposite beam

Group 2: 6 strands. Bonded length starts 10 ft. from the centerline of bearings of the
noncomposite beam, i.e., 10'-9” from the end of the beam

Group 3: 6 strands. Bonded length starts 22 ft. from the centerline of bearings of the
noncomposite beam, i.e., 22'-9” from the end of the beam
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For each group, the stress in the prestressing strands is assumed to increase linearly from
0.0 at the point where bonding commences to f., over the transfer length, i.e., over 30
inches. The stress is aso assumed to increase linearly from f,e at the end of the transfer
length to fs at the end of the development length. Table 5.5-1 shows the strand forces at
the service limit state (maximum strand stress = f,e) and at the strength limit state
(maximum strand stress = f,¢) at different sections along the length of the beams. To
facilitate the calculations, the forces are calculated for each of the three groups of strands
separately and sections at the points where bonding commences, end of transfer length
and end of development length for each group are included in the tabulated values.
Figure 5.5-1 isagraphical representation of Table 5.5-1.
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Table5.5-1 — Prestressing Strand For ces
Dist. from| Dist. from Initial Prestressing Force at Transfer
Grdr End [ CL of Brg| Group1l | Group2 | Group3 Total
(1) (ft) (k) k) k) k)
0 075" 0.0 00
0.75 0.00 2773 2773
2.50 1.75 924.4 924.4
7.75 7.00 924.4 924.4
10.39 9.64 924.4 924.4
1075 " | 1000 9244 0.0 924.4
11.75 11.00 924.4 69.3 993.7
13.25 12.50 924.4 1733 1,097.7
17.25 16.50 924.4 1733 1,097.7
275 |20 | 9244 1733 00 1,097.7
23.73 22.98 924.4 1733 67.9 1,165.6
25.25 24.50 924.4 1733 1733 1,271.0
28.25 27.50 924.4 1733 1733 1,271.0
33.75 33.00 924.4 1733 1733 1,271.0
35.73 34.98 924.4 1733 1733 1,271.0
39.25 3850 924.4 1733 1733 1,271.0
44.75 44,00 924.4 1733 1733 1,271.0
50.25 4950 924.4 1733 1733 1,271.0
55.25 54.50 924.4 1733 1733 1,271.0
55.75 55.00 924.4 1733 1733 1,271.0
61.25 60.50 924.4 1733 1733 1,271.0
66.75 66.00 924.4 1733 1733 1,271.0
72.25 7150 924.4 1733 1733 1,271.0
74.77 74.02 924.4 1733 1733 1,271.0
77.75 77.00 924.4 1733 1733 1,271.0
83.25 82.50 924.4 1733 1733 1,271.0
85.25 84.50 924.4 1733 1733 1,271.0
86.77 86.02 924.4 1733 67.9 1,165.6
87757 | g7.00™* 924.4 173.3 0.0 1,097.7
88.75 88.00 924.4 1733 1,097.7
94.25 9350 924.4 1733 1,097.7
97.25 96.50 924.4 1733 1,097.7
90.75"" | 9900 | 9244 00 9244
10011 | 99.36 924.4 924.4
10325 | 102.50 924.4 924.4
108.00 | 107.25 924.4 924.4
109.75 | 109.00 277.3 2773
1105° | 100.75" 00 00
* %% x%% _ Point where bonding commences for strand Groups 1, 2, and 3, respectively
+ ++, +++ - Point where bonding ends for strand Groups 1, 2, and 3, respectively
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Table5.5-1 (cont.) — Presstressing Strand For ces

Dist. from | Dist. from Prestressing Force After Losses Force at the Nominal Flexural Resistance
Grdr End | CL of Brg | Group1l | Group2 Group 3 Total Groupl | Group2 | Group3 | Total
(ft) (ft) k) (k) (k) (k) (k) k) (k) k)
o 075" 0.0 0.0 0.0 0.0
0.75 0.00 239.0 239.0 239.0 239.0
2.50 1.75 797.2 797.2 797.2 797.2
7.75 7.00 797.2 797.2 11281 1,128.1
10.39 9.64 797.2 797.2 1,294.5 1,294.5
1075 | 1000 797.2 0.0 797.2 1,2945 0.0 1,2945
11.75 11.00 797.2 59.8 857.0 1,294.5 59.8 1,354.3
13.25 12.50 797.2 1495 946.7 1,2945 149.5 1,444.0
17.25 16.50 797.2 1495 946.7 1,294.5 185.1 1,479.6
275" | 200" 797.2 1495 0.0 946.7 1,2945 | 2340 0.0 15285
23.73 22.98 797.2 1495 58.6 1,005.3 1,294.5 242.7 58.6 1,595.8
25.25 24.50 797.2 1495 1495 1,096.2 1,294.5 242.7 1495 1,686.7
28.25 27.50 797.2 1495 1495 1,096.2 1,294.5 242.7 176.2 1,7134
33.75 33.00 797.2 1495 1495 1,096.2 1,294.5 242.7 2251 1,762.3
35.73 34.98 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
39.25 38.50 797.2 1495 1495 1,096.2 1,2945 242.7 242.7 1,779.9
44.75 44.00 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
50.25 49.50 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
55.25 54.50 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
55.75 55.00 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
61.25 60.50 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
66.75 66.00 797.2 149.5 149.5 1,096.2 1,294.5 242.7 242.7 1,779.9
72.25 71.50 797.2 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
74.77 74.02 7972 1495 1495 1,096.2 1,294.5 242.7 242.7 1,779.9
77.75 77.00 797.2 1495 1495 1,096.2 1,294.5 242.7 216.2 1,753.4
83.25 82.50 797.2 1495 1495 1,096.2 1,294.5 242.7 167.3 1,704.5
85.25 84.50 797.2 1495 1495 1,096.2 1,294.5 242.7 1495 1,686.7
86.77 86.02 797.2 1495 58.6 1,005.3 1,294.5 242.7 58.6 1,595.8
g7.75"" | s7.00"t" 797.2 149.5 00 946.7 1,2945 234.0 0.0 1,528.5
88.75 88.00 797.2 1495 946.7 1,294.5 2251 1,519.6
94.25 93.50 797.2 1495 946.7 1,294.5 176.2 1,470.7
97.25 96.50 797.2 1495 946.7 1,294.5 1495 1,444.0
99.75"* | 99.00™ 797.2 0.0 797.2 1,294.5 00 1,294.5
100.11 99.36 797.2 797.2 1,294.5 1,294.5
103.25 102.50 797.2 797.2 1,096.6 1,096.6
108.00 107.25 797.2 797.2 797.2 797.2
109.75 109.00 239.0 239.0 239.0 239.0
1105" | 109.75" 00 00 00 00

* % x%% _ Point where bonding commences for strand Groups 1, 2, and 3, respectively

+ ++, +++ - Point where bonding ends for strand Groups 1, 2, and 3, respectively
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Prestressed Concrete Bridge Design Example

Symmetric
55'-3"

CL Bearing

220"

Half Length of the Prestressed Girder

10-0"

L,— Debonded Length

Group 1, Group 2, roup 3,
32 Strands 6 Strands 6 Strands

i

924.4 kips

2-6"

1 P/S Force in
i Group 1

173.3 kips

924.4 kips

26"

P/S Force in
t
‘ Group 2

173.3 kips

1,097.7 kips

T P/S Force in
Group 3

1,271.0 kips
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Total
P/S Force

At Transfer

Figure 5.5-1 — Prestressing Strand For ces Shown Graphically
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Symmetric
55-3"
CL Bearing 220" Half Length of the Prestressed Girder :
10'-0" |
—»l (49 :
Group 1, Group 2, roup 3, |
_7~Debonded Length 32 Strands /6 Strands /_gStrands !
- ______ j/ ____________ / /
/
|
2'-6" i
1
! |
797.2 kips i
\ ? P/S Force in |
26 L Group 1 i
149.5 kips X
. f P/S Force in|
26 ‘ Group 2 )
149.5 kips [
f P/S Force in |
Group 3 |
]
]
1
) 1,096.2 kips |
946.7 kips
797.2 kips '
]
Total |
. . P/S Force 1
Service Condition |
1
10'-4 11/16" | |
1
26" |
]
1,294.5 kips |
10-9" 12'-11 3/4" Force at Nominal Flexural |
o 1 Resistance (FNFR) in Group 1
2-6 y .
242.7 kips |
22'-9" 12'-11 3/4" | T FNFR in !
26" | ‘ Group 2
242.7 kips i
b FNFRIN
Group 3 |
I e A |
/ 1,686.7 kips 1,779.9 kips 1,779.9 kips|
/ i .
_ 1,444.0 kips 1,528]5 kips !
797.2 kips 1,294 kips |
1
Total FNFR !
Strength Condition
Transfer length =30 in.
Development length, fully bonded = 124.7 in.
Development length, debonded = 155.8 in.
Figure 5.5-1 (cont.) — Prestressing Strand For ces Shown Graphically
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Design Step | Sample strand stress calculations
554
Prestress force at centerline of end bearing after losses under Service or Strength

Only Group 1 strands are bonded at this section. Ignore Group 2 and 3 strards.

Distance from the point bonding commences for Group 1 strands = 0.75 ft < transfer
length

Percent of prestressing force developed in Group 1 strands = 0.75/transfer length
= (0.75/2.5)(100) = 30%

Stressin strands = 0.3(162.83) = 48.8 ks
Force in strands at the section = 32(0.153)(48.8) = 239 kips

Prestress force at a section 11 ft. from the centerline of end bearing after losses under
Service conditions

Only strandsin Group 1 and 2 are bonded at this section. Ignore Group 3 strands.

The onded length of Group 1 strands before this section is greater than the transfer
length. Therefore, the full prestressing force exists in Group 1 strands.

Force in Group 1 strands = 32(0.153)(162.83) = 797.2 kips

Distance from the point bonding commences for Group 2 strands = 1.0 ft. < transfer
length

Percent of prestressing force developed in Group 2 strands = 1.0/transfer length
= (1.0/2.5)(100) = 40%

Stress in Group 2 strands = 0.4(162.83) = 65.1 ksi
Force in Group 2 strands at the section = 6(0.153)(65.1) = 59.8 kips

Total prestressing force at this section = force in Group 1 + force in Group 2
=797.2 + 59.8 = 857 kips

Strands maximum resistance at nominal flexural capacity at a section 7.0 ft. from the
centerline of end bearing

Only Group 1 strands are bonded at this section. Ignore Group 2 and 3 strands.

Distance from the point bonding commences for Group 1 strands, i.e., distance from end
of beam =7.75 ft. (7- 9")
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This distance is greater than the transfer length (2.5 ft.) but less than the development
length of the fully bonded strands (10.39 ft.). Therefore, the stress in the strand is
assumed to reach fe, 162.83 kg, at the transfer length then increases linearly from t,e to
fos, 264.4 ksi, between the transfer length and the devel opment length.

Stressin Group 1 strands = 162.83 + (264.4 — 162.83)[(7.75 — 2.5)/(10.39 — 2.5)]
= 230.41 ks

Forcein Group 1 strands = 32(0.153)(230.41)
=1,128.1 kips

Strands maximum resistance at nomina flexura capacity at a section 22 ft. from
centerline of end bearing

Only strandsin Group 1 and 2 are bonded at this section. Ignore Group 3 strands.

The bonded length of Group 1 strands before this section is greater than the development
length for Group 1 (fully bonded) strands. Therefore, the full force exists in Group 1
strands.

Force in Group 1 strands = 32(0.153)(264.4) = 1,294.5 kips

The bonded length of Group 2 at this section =22 — 10 = 12 ft.

Stressin Group 2 strands = 162.83 + (264.4 — 162.83)[(12 — 2.5)/(12.98 — 2.5)]
= 254.9 ksi

Forcein Group 2 strands = 6(0.153)(254.9) = 234.0 kips
Total prestressing force at this section = force in Group 1 + force in Group 2

=1,294.5+ 234.0
=1,528.5 kips
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Design Step | FLEXURE DESIGN
5.6

Design Step | Flexural stressat transfer
5.6.1
Design Step | Stress limits at transfer
56.1.1

Compression stress:

The alowable compression stress limit for pretensioned concrete components is

calculated according to S5.9.4.1.1.
fCompression = '0-60(f(Ei)
=-0.60(4.8 ksl)
=-2.88 ks
Tension stress;

From Table S5.9.4.1.2-1, the stress limit in areas with bonded reinforcement sufficient to
resist 120% of the tension force in the cracked concrete computed on the basis of an
uncracked section is calculated as:

frension = 0-221/@

= 0.22/48
=0.48ksi
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Design Step
56.1.2
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Stress calculations at transfer

Table5.6-1 — Stresses at Top and Bottom of Beam at Transfer

Prestressed Concrete Bridge Design Example

Girder Stress at transfer
Location self weight Fps at Top of Bottom of
moment transfer beam beam
(ft) @ (k-ft) @ (kips) @ (ksi) (ksi)
0 47 277.3 0.135 -0.654
175 153 924.4 0.451 -2.183
5.5 368 924.4 0.326 -2.055
11.0 656 993.7 0.209 -2.065
16.5 909 1,097.7 0.123 -2.171
220 1,128 1,097.7 -0.005 -2.040
275 1,313 1,271.0 -0.009 -2.358
33.0 1,464 1,271.0 -0.097 -2.269
385 1,580 1,271.0 -0.155 -2.209
44.0 1,663 1,271.0 -0.203 -2.160
495 1,711 1,271.0 -0.231 -2.132
545 1,725 1,271.0 -0.240 -2.120
55.0 1,725 1,271.0 -0.240 -2.123
60.5 1,705 1,271.0 -0.228 -2.135
66.0 1,650 1,271.0 -0.196 -2.168
715 1,562 1,271.0 -0.144 -2.220
77.0 1,439 1,271.0 -0.083 -2.284
82.5 1,282 1,271.0 0.009 -2.377
88.0 1,091 1,097.7 0.017 -2.063
935 865 1,097.7 0.149 -2.197
99.0 606 924.4 0.197 -1.923
104.5 312 924.4 0.358 -2.105
107.25 153 924.4 0.451 -2.200
109.0 47 277.3 0.135 -0.660
Notes:

1- Distance measured from the centerline of the bearing of the simple span girder
2 - See Section 5.3, based on 110.5 ft. length

3- See Section 5.5 for prestressing forces

Sample Calculationsfor Flexural Stresses at Transfer

Definitions:

Pt
Ag
e

= Initial prestressing force taken from Table 5.5-1 (kips)
= Gross area of the basic beam (irf)
= Distance between the neutral axis of the noncomposite girder and the

center of gravity of the prestressing stedl (in.)
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S = Section moduli, top of noncomposite beam (in®)

S, = Section moduli, bottom of noncomposite beam (in)

Mg =Moment dueto the girder self weight only (k-ft)
See Section 2.2 for section properties.

Sample Calculations at 1 ft. — 9 in. From CL of Bearing (2 ft. — 6 in. From Girder End)

Girder top stress:

fiop =-R/Ag + Pieg /S —My/S;

_ - 9244 924.431.005) 153(12)
1085 20,588 20,588

=0.451 ks < Stresslimit for tension (0.48 ksi)) OK
Girder bottom stress:
foottom = -R/Ag—Pieg/Sp + M¢/Sp

_ - 9244 924.4(31.005) 153(12)
1,085 20,157 20,157

=-2.183 ks < Stresslimit for compression (-2.88 ks) OK

Sample Calculations at 11 ft. From the CL of Bearing (11 ft. — 9 in. From Girder End)

Girder top stress:

ftop = 'Pt/Ag +Pewr/S - Mg/St

_ - 9937 +993.7(31.222)_ 656(12)
1085 20,583 20,588

=0.209 ks < Stresslimit for tension (0.48 ksi) OK
Girder bottom stress:
foottom = -R/Ag—Pier /Sy + MydSy

_ - 987 993.7(31.222)+ 656(12)
1,085 20,157 20,157

=-2.064 ks < Stresslimit for compression (-2.88ks) OK
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Design Step
5.6.2

Design Step
56.2.1

Sample Calculations at 54 ft. — 6 in. From the CL of Bearing (55 ft. — 3 in. From Girder

End) — Midspan of Noncomposite Beam

Girder top stress:
frop =-R/Ag + Piesas/S —MyS

_ -12710 +1271.0(31.38) _1,725(12)
1,085 20,588 20,588

=-0.239 ks < Stresslimit for compression (-2.88 ksi) OK
Girder bottom stress:
foottom = -P/Ag—Piesas/Sp + M¢Sy

_ -12710 1,271.0(31.38) . 1,725(12)
1,085 20157 20157

=-2.123 ks < Stresslimit for compression (-2.88 ks) OK

Final flexural stressunder Servicel limit state

Maximum compression is checked under Service | limit state and maximum tension is
checked under Service 11 limit state. The difference between Service | and Service |
limit states is that Service | has a load factor of 1.0 for live load while Service Il has a
load factor of 0.8.

Asindicated in Section 5.3, many jurisdictions do not include creep and shrinkage effects
in designing a pretensioned girder bridge. The calculations presented herein do not
include creep and shrinkage moments. If creep and shrinkage are required by a specific
jurisdiction, then their effects should be included. See Section 5.3 and Appendix C for
calculations and values of creep and shrinkage effects for the example bridge.

Stress limits
Compression stress:
From Table S5.9.4.2.1-1, the stress limit due to the sum of the effective prestress,

permanent loads, and transient loads and during shipping and handling is taken as
0.6] wf¢ (wherej v isegual to 1.0 for solid sections).
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For prestressed concrete beams (f¢ = 6.0 ksi)

fComp’ beaml1 = '06(60 kS)
=-3.6ks

For deck slab (f¢ = 4.0 ks)

fComp, dab — -0.6(4.0 kSi)

=-24Kks

From Table S5.9.4.2.1-1, the stress limit in prestressed concrete at the service limit state
after losses for fully prestressed components in bridges other than segmentally
constructed due to the sum of effective prestress and permanent loads shall be taken as:

fComp, beam 2 = -0.45(f¢)
=-0.45(6.0)
=-2.7ks

From Table S5.9.4.2.1-1, the stress limit in prestressed concrete at the service limit state
after losses for fully prestressed components in bridges other than segmentally
constructed due to live load plus one-half the sum of the effective prestress and
permanent loads shall be taken as:

fComp, beam 3 = -0.40(f¢)
=-0.40(6.0)
=-24ks

Tension stress:

From Table S5.9.4.2.2-1, the stress limit in prestressed concrete at the service limit state
after losses for fully prestressed components in bridges other than segmentally
constructed, which include bonded prestressing tendons and are subjected to not worse
than moderate corrosion conditions shall be taken as the following:

frensle = 0-19«/@

= 0196
= 0.465 ksi
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Table5.6-2 — Stressesin the Prestressed Beam

Girder Fos Composite Liveload
Location noncomposite after dead load positive
moment losses moment moment
(ft) @ (k-ft) @ (kips) @ (k-ft) @ (k-ft) @
0 0 239.0 0 0
175 217 797.2 36 170
5.5 661 797.0 108 476
11.0 1,252 857.0 199 886
16.5 1,776 946.7 276 1,230
22.0 2,230 946.7 337 1,509
275 2,616 1,092.1 384 1,724
330 2,933 1,092.1 414 1,882
38,5 3,181 1,096.2 429 1,994
44,0 3,360 1,096.2 429 2,047
495 3471 1,096.2 414 2,045
545 3,512 1,096.2 387 2,015
55.0 3,511 1,096.2 384 2,010
60.5 3,456 1,096.2 338 1,927
66.0 3,333 1,096.2 277 1,794
715 3,141 1,096.2 201 1,613
77.0 2,880 1,096.2 108 1,388
825 2,551 1,096.2 2 1,124
88.0 2,152 946.7 -121 825
935 1,686 946.7 -258 524
99.0 1,150 797.2 -452 297
104.5 546 797.2 -580 113
107.25 217 797.2 -670 58
109.0 0 239.0 -729 15
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Table5.6-2 — Stressesin the Prestressed Beam (cont.)

Final stress under PS & DL Stress under Final stress under all loads

Location Top of Bottom of 1/2 (DL + P/S) Top of Bottom of Top of
beam beam + live load beam beam slab
(ft) 1) (ksi) 4 (ksi) @ (ksi) 4 (ksi) @ (ksi) 5 (ksi) 4
0 0.140 -0.588 0.070 0.140 -0.588 0.000
1.75 0.333 -1.816 0.136 0.303 -1.755 -0.041
55 0.061 -1.519 -0.054 -0.023 -1.349 -0.116
11.0 -0.255 -1.283 -0.285 -0.412 -0.966 -0.215
16.5 -0.521 -1.158 -0.479 -0.739 -0.719 -0.298
220 -0.796 -0.861 -0.666 -1.064 -0.321 -0.365
275 -0.943 -0.969 -0.777 -1.249 -0.353 -0.417
33.0 -1.133 -0.767 -0.900 -1.467 -0.094 -0.454
385 -1.270 -0.631 -0.988 -1.623 0.081 -0.479
440 -1.374 -0.525 -1.050 -1.737 0.207 -0.490
495 -1.436 -0.465 -1.081 -1.799 0.266 -0.487
54.5 -1.455 -0.453 -1.085 -1.812 0.267 -0.475
55.0 -1.454 -0.455 -1.083 -1.810 0.263 -0.474
60.5 -1.414 -0.508 -1.049 -1.756 0.180 -0.448
66.0 -1.331 -0.609 -0.984 -1.649 0.032 -0.410
715 -1.206 -0.757 -0.889 -1.492 -0.181 -0.359
77.0 -1.046 -0.945 -0.769 -1.292 -0.449 -0.296
825 -0.835 -1.189 -0.617 -1.034 -0.787 -0.223
88.0 -0.670 -1.112 -0.481 -0.816 -0.817 -0.139
935 -0.374 -1.450 -0.280 -0.467 -1.263 -0.053
99.0 -0.116 -1.487 -0.111 -0.169 -1.381 0.031
104.5 0.250 -1.910 0.105 0.230 -1.870 0.092
107.25 0.458 -2.146 0.219 0.448 -2.125 0.121
109.0 0.269 -0.918 0.132 0.266 -0.913 0.141

Notes:

1- Distance measured from the centerline of the bearing of the end abutment
2 - See Section 5.3 for load effects

3- See Section 5.5 for prestressing forces

4- Servicel limit state for compression

5- Servicelll limit state for tension

Definitions:
P = Final prestressing force taken from Design Step 5.4 (kips)
Ste = Section moduli, top of the beam of the composite section — gross
section (ir°)
S =Section moduli, bottom of the beam of the composite section — gross
section (i)

Ssc = Section moduli, top of slab of the composite beam (i)
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Mpne = Moment due to the girder, dab, haunch and interior diaphragm (k-ft)

Mpc =Tota composite dead load moment, includes parapets and future
wearing surface (k-ft)

MiLc = Liveload moment (k-ft)

All tension stresses and allowables use positive sign convention. All compression
stresses and allowables use negative sign convention. All loads are factored according
to Table 3.4.1-1 in the AASHTO LRFD Specifications for Service | and Service I11 limit
states as applicable.

Design Step | Sample Calculations at 11 ft. From the CL of Bearing (11 ft. — 9 in. From Girder End)
56.2.2

Girder top stress after losses under sum of all loads (Servicel):
fop  =-R/Ag+ Pierr/S —Mpnc/S —Mpd/Sc—MLLdSc

_ - 87  857(31.222) 1252(12) 199(12) 886(12)
1085 20,588 20588 67,672 67,672

=-0.790 + 1.300 - 0.730 - 0.035 - 0.157

=-0412ks < Stresslimit for compression under full
load (-3.6 ks) OK

Girder top stress under prestressing and dead load after losses:
frop =-R/Ag + Pie1r/S — Mpncd/S — Mpc/Se

_ - 87  857(31.222) 1,25212) 199(12)
1085 20,588 20588 67,672

=-0.790 + 1.300 — 0.730 - 0.035

=-0.255ks < Stresslimit for compression under permanent
load (-2.7 ks) OK

Girder top stress under LL + ¥(PS + DL) after losses:

fiop = -P/Ag+ Pe1r/S — Mpncd/S — Mpcd/Sc — M /Se

_ -857  857(31222) 12512) 199(12) 886(12)
1,0852) 20588(2) 205882) 67672(2 67,672

=-0.395 + 0.650 — 0.365 - 0.018 — 0.157
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=-0.285ks < Stresslimit for compression under LL + ¥2(DL + PS)
load (-2.4 ks) OK

Girder bottom stress under all loads (Service I11):

foottom = -P/Ag— Pre11/Sp + Mpnc/Sb+ Mpc/See + MLLd/Ske

_ -857 857(31.222) .\ 1,252(12) .\ 199(12) .\ 0.8(886)12)
1085 20157 20157 2685 26,85

=-0.790-1.327 + 0.745 + 0.089 + 0.317

=-0.966 ks < Stress limit for compression under full
load (-2.7 ks) OK

Notice that the gross concrete composite section properties are typically used for the
stress calculations due to all load components. However, some jurisdictions use the
transformed section properties in calculating the stress due to live load. The
transformed section properties are listed in Section 2. In this example, the gross section
properties are used for this calculation.

Girder bottom stress under prestressing and dead load after |osses:
foottom = -P/Ag— Pre11:/Sp + Mpnc/Sb+ Mpc/Sec

_ - 87 _857(31.222) 1,252(12) 199(12)
1085 20157 20157 26,85

=-0.790-1.327 + 0.745 + 0.089

=-1.283ks < Stresslimit for compression under prestress and
permanent loads (-2.7 ks) OK

Sample Calculations at 54 ft. — 6 in. From the CL of Bearing (55 ft. — 3 in. From Girder
End) — Midspan of Noncomposite Girder

Girder top stress after losses under sum of al loads (Servicel):

fiop = -R/Ag+ Piesas/S —Mpnc/S — Mpd/Sc—MLLdSe

_ -1,096.2 +L096.2(31.38)_ 3512(12) 387(12) 2,015(12)
1,085 20,588 20588 67,672 67,672

=-1.010 + 1.671 - 2.047 - 0.069 — 0.357
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=-1.812ks < Stresslimit for compression
under full load (-3.6 ks) OK

Girder top stress after losses under prestress and permanent loads:

frop = -R/Ag + Piess5/S — Mpnc/S — Mpc/Se

_ -1096.2 +:L096.2(31.38)_ 3512(12) 387(12)
1,085 20,588 20588 67,672

=-1.010 + 1.671 - 2.047 - 0.069

=-1.455ks < Stresslimit for compression under prestress and
permanent loads (-2.7 ks) OK

Girder top stress under LL + ¥(PS + DL) after losses:

fop = -R/Ag+ Piesas/S —Mpnc/S — Mpcd/Sc — M /Se

_ -1096.2+1096.2(31.38) 3512(12) 387(12) 2,015(12)
- 1085(2) 20588(2) 20588(2) 67,672(2) 67,672

=-0.505 + 0.835-1.024 - 0.034 — 0.357

=-1.085ks < Stresslimit for compression under LL + ¥5(DL + PS)
load (-2.4 ks) OK

Girder bottom stress (Service ll):

= -R/Ag—Pi&545/Sy + Mpnc/Sp+ Mpc/See + ML Sk

fbottom

_ -1096.2 1,096.2(31.38) . 3512(12) , 387 (12) . 0.8(2,015)(12)
1,085 20157 20157 26,855 26,855

=-1.010-1.707 + 2.091 + 0.173 + 0.720
=0.267 ks < Stresslimit for tension (0.465 ks)) OK

Notice that the stresses are calculated without including creep and shrinkage.
Jurisdictions that do not include creep and shrinkage typically design the girders for a
reduced tensile stress limit or for zero tension at final condition. Including creep and
shrinkage would normally result in additional tensile stress at the bottom of the beam at

the midspan section.
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Girder bottom stress after losses under prestress and dead load:
foottom = -P/Ag— Pte54.5/Sp + Mpnc/Sp+ Mpc/See

_ -1096.2 1,096.2(31.38) .\ 3512(12) . 387(12)
1,085 20,157 20157 = 26,855

=-1.010-1.707 + 2.091 + 0.173
=-0.453ks < Stresslimit for compression (-2.7 ks) OK
Deck dlab top stress under full load:

fiopsab = (-Mpc/Stsc — MLLISsc)/modular ratio between beam and slab

_ e 387(12)  10(2,015)(12)6 | 6% ¢
49 517 49517 4 %3834 4

= (-0.094 — 0.488)/1.225
=-0.475ks < Stresslimit for compression in dab (-2.4 ksi) OK
Stresses at service limit state for sectionsin the negative moment region

Sections in the negative moment region may crack under service limit state loading due
to high negative composite dead and live loads. The cracking starts in the deck and as
the loads increase the cracks extend downward into the beam. The location of the
neutral axis for a section subject to external moments causing compressive stress at the
side where the prestressing force is located may be determined using a trial and error
approach as follows:

1. Assume the location of the neutral axis.

2. Assume a value for the compressive strain at the extreme compression fiber
(bottom of the beam). Calculate the tensile strain in the longitudinal
reinforcement of the deck assuming the strain varies linearly along the height of
the section and zero strain at the assumed location of the neutral axis.

3. Calculate the corresponding tension in the deck reinforcement based on the

assumed strain.

Calculate the compressive force in the concrete.

Check the equilibrium of the forces on the section (prestressing, tension in deck

steel and compression in the concrete). Change the assumed strain at the bottom

of beam until the force equilibriumis achieved.

6. After the forces are in euilibrium, check the equilibrium of moments on the
section (moment from prestressing, external moment and moment from internal
compression and tension).

7. If moment equilibrium is achieved, the assumed location of the neutral axis and

o &
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strains are correct. If the moments are not in equilibrium, change the assumed
location of the neutral axis and go to Step 2 above.

8. After both force and moment equilibriums are achieved, calculate the maximum
stress in the concrete as the product of the maximum concrete strain and the
concrete modulus of elagticity.

Notice that when additional compression is introduced into the concrete due to external
applied forces, the instantaneous stress in the prestressing steel is decreased by the
modular ratio multiplied by the additional compressive stress in the surrounding
concrete. The change in the prestressing steel force is typically small and wasignored in
the following calculations.

Sample Calculations for a Section in the Negative Moment Region Under Service Limit
State, Section at 107 ft. — 3 in. From the CL of End Bearing (108 ft. From Girder End)

From Table 5.3-1,

Noncomposite Composite Live Load + IM

Slab and| Exterior Tota Positive | Negative
Location | Girder* | Haunch | Diaphragm| Noncomp.| Parapet [ FWS HL-93 | HL-93
(ft.) k-ft) | (k-ft) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
104.5 266 268 11 546 -248 -332 113 -1,663
108.0 61 62 3 125 -297 -398 33 -1,921

* Based on the simple span length of 109 ft.
Maximum negative moment at the section at 104.5 ft = 546 — 248 — 332 — 1,663
=-1,697 k-ft

Maximum negative moment at the section at 108.0 ft = 125 —297 —398 — 1,921
=-2,491 k-ft

By interpolation, the maximum Service | negative moment at the section under
consideration is:

Mneg = -2,491 — (-2,491 + 1,697)[(108 — 107.25)/(108 — 104.5)]
= -2,321 k-t

Tria and error approach (see above) was applied to determine the location of the neutral
axis. The calculations of the last cycle of the process are shown below.
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Referring to Figure 5.6-1:

Assume neural axis at 32.5 inches from the bottom of beam

Assume maximum concrete compressive strain = 0.00079 in./in.

Tensle strain in deck reinforcement = 0.00079(75.52 — 32.5)/32.5 = 0.001046 in./in.
Modulus of elasticity of concrete beam = 4,696 ksi (see Section 2)

Concrete stress at bottom of beam = 0.00079(4,696) = 3.71 ksi

Area of deck longitudinal reinforcement = 14.65 in? (see Section 5.6.5.1 for calculation)
Force in deck steel = 14.65(0.001046)(29,000) = 444.4 k

Force in prestressing steel = 797.2 k (see Table 5.5-1)

Compressive forcesin the concrete:

Considering Figure 5.6-1, by calculating the forces acting on different areas as the
volume of the stress blocks for areas Al, A2 and A3 as the volume of a wedge, prism or
pyramid, as appropriate, the forces in Table 5.6-3 may be calculated. Recall that the
centers of gravity of awedge, a prism with all rectangular faces, a prism with a triangular
vertical face and a pyramid are at one-third, one-half, one-third and one-quarter the
height, respectively. The location of the centers of gravity shown in the figure may aso

be calculated. The moment from interna compressive concrete forces shown in Table

5.6-3 is equa to the force multiplied by the distance from the neutra axis to the location
of the force.

Table5.6-3 —Forcesin Concrete Under Service Load in Negative Moment Regions
(Section at 107’-3" from the end bearing)

Area_ Forcg Area Stress Force Eésr;aggte Distance | Moment
designation | designation to N/A at N/A
of beam
(in?) (ksi) (kips) (in) (in) (k-ft)
Al P, 260 371 482.3 10.83 21.67 871.0
A2 P, a 160 2.80 448.0 4.00 28.50 1,064.0
A2 P, b 160 0.91 72.8 2.67 29.83 181.0
A3* P;a 100 1.66 166.0 11.33 21.17 292.9
A3* Ps; b 100 114 76.0 10.50 22.00 139.3
Total 1,245.1 2,548.2
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Sample force calculations for area A3.

Two components of stress act on area A3. The first component is a rectangular stress
distribution with an intensity of 1.66 ksi. The second component is a triangular stress
distribution with an intensity of 1.14 ksi.

Force due to the rectangular stress distribution:

Frectanguiar = 2[0.5(10)(10)](1.66)
=166.0k

The volume used to determine the effect of the triangular stress distribution is calculated
using geometry of a pyramid.

Frrianguar = 2 triangles(1/3 pyramid base)(pyramid height)
=2(1/3)(10)(1.14)(10)
=76.0k

Check force equilibrium:

Net force on section= P/S steel force + concrete compressive force + deck stedl force
=797.2 + (-1,245.1) + 444.4
=-3.5kips= 0 OK

Check moment equilibrium:

Net M on the section = external moment + prestressing force moment + deck slab force
moment + concrete compression moment
= 2,321 + 797.2(32.5 — 5.375)/12 — 444.4(75.52 — 32.5)/12 — 2,548.2
=-184k-ft= 0 OK

From Table 5.6-3, the maximum stress in the concrete is 3.71 ksi. The stress limit for
compression under all loads (Table S5.9.4.2.1-1) under service condition is 0.6f¢ (where
f¢ is the compressive strength of the girder concrete). For this example, the stress limit
equals 3.6 ksi.

The calculated stress equals 3.71 ks or is 3% overstressed. However, as explained
above, the stress in the prestressing steel should decrease due to compressive strains in
the concrete caused by external loads, i.e., prestressing steel force less than 797.2 k and
the actual stress is expected to be lower than the calculated stress, and the above
difference (3%) is considered within the acceptable tolerance.

Notice that the above calculations may be repeated for other cases of loading in Table
$5.9.4.2.1-1 and the resulting applied stress is compared to the respective stress limit.
However, the case of all loads applied typically controls.
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Design Step | Longitudinal steel at top of girder

5.6.3
The tensile stress limit at transfer used in this example requires the use of steel at the
tension side of the beam to resist at least 120% of the tensile stress in the concrete
calculated based on an uncracked section (Table $5.9.4.1.2-1). The sample calculations
are shown for the section in Table 5.6-1 with the highest tensile stress at transfer, i.e.,
the section at 1.75 ft. from the centerline of the end bearing.

By integrating the tensile stress in Figure 5.6-2 over the corresponding area of the beam,
the tensile force may be calculated as:

Tensle force =5(42)(0.451 + 0.268)/2 + 7.33(8.0)(0.268 + 0.0)/2 + 2[4(3)](0.268 +
0.158)/2 + 2[4(4)/2][0.012 + (0.158 — 0.012)(2/3)] + 2[3(13)/2][0.158 +
(0.268 — 0.158)(2/3)]
=99.2k

Required area of steel = 1.2(99.2)/f,
=119.0/60
= 1.98ir?

Required number of #5 bars = 1.98/0.31
= 6.39 bars

Minimum allowable number of bars = 7 #5 bars

Use 8 #5 bars as shown in Figure 5.6-3
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Design Step
56.4

Flexural resistance at the strength limit state in positive moment region (S5.7.3.1)

Sample calculations at midspan

¢ =distance between the neutral axis and the compressive face at the nominal
flexura resistance (in.)

¢ =5.55in., which isless than the slab thickness, therefore, the neutral axisisin
the dab and section is treated as a rectangular section. (See Design Step
5.5.1 for commentary explaining how to proceed if “c’ is greater than the
deck thickness.)

fos = stressin the prestressing steel at the nominal flexural resistance (ksi)
fos = 264.4 Ksi

The factored flexural resistance, M, shall be taken as j M,,, where M, is determined
using Eq. S5.7.3.2.2-1.

Factored flexural resistance in flanged sections (S5.7.3.2.2)

Mn = A (b — a/2) + Adf,(ch — a/2) — ALFG(0 — &/2) + 0.85F&(b— by,)b:h(a2 — hi2)
(S5.7.3.2.2-1)

The definition of the variables in the above equation and their values for this example are
as follows:

Aps= area of prestressing steel (irf)
= 6.73ir?

fos =average stress in prestressing steel at nominal bending resistance
specified in Eqg. S5.7.3.1.1-1 (ksi)

= 264.4 ksi
d, =distance from extreme compression fiber to the centroid of prestressing
tendons (in.)
=745in.

As = area n%f nonprestressed tension reinforcement (ir?)
=0.0i

fy = specified yield strength of reinforcing bars (ksi)
= 60 ksi

ds =distance from extreme compression fiber to the centroid of
nonprestressed tensile reinforcement (in.), NA
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At = area of compression reinforcement (irf)
=0.0ir?

f¢, = specified yield strength of compression reinforcement (ksi), NA

d¢ =distance from the extreme compression fiber to the centroid of
compression reinforcement (in.), NA

f¢ = specified compressive strength of concrete at 28 days, unless another
ageis specified (ks)
=4.0ks (dab)
b =width of the effective compression block of the member (in.)
=width of the effective flange = 111 in. (See Design Step 5.5.1 for
commentary for the determination of the effective width, b, when the
calculations indicate that the compression block depth is larger than the
flange thickness.)

by = web width taken equal to the section width “b” for a rectangular section
(in.), NA

b: = stress block factor specified in S5.7.2.2, NA
by = compression flange depth of an | or T member (in.), NA
a = bic; depth of the equivalent stress block (in.)
= 0.85(5.55)
=4.72in.
The second, third and fourth termsin Eq. S5.7.3.2.2-1 are equal to zero for this example.
Substituting,
My = 6.73(264.4)[74.5 — (4.72/2)]
=128,367/12
= 10,697 k-ft

Therefore, the factored flexural resistance, M, shall be taken as:

M =j My ($5.7.3.2.1-1)
where:
| = resstance factor as specified in S5.5.4.2 for flexure in prestressed
concrete
=1.0
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Design Step
56.4.1

Design Step
5.6.4.2

M, = 1.0(10,697 k-ft)
= 10,697 k-ft

The maximum factored applied moment for Strength | limit state is 8,456 k-ft (see Table
5.3-2)

M; = 10,697 k-ft > M = 8,456 k-ft OK

Check if section is over-reinforced

Limits for reinforcing (S5.7.3.3)

The maximum amount of prestressed and nonprestressed reinforcement must be such
that:

clde  £0.42 (S5.7.3.3.1-1)

where:
c =5.55in. (see Section 5.5.1)

d. =74.5in. (same asd, since no mild steel is considered)

c/de =555/74.5
=0.074< 042 OK

Check minimum required reinforcement (S5.7.3.3.2)

Critical location is at the midspan of the continuous span = 55 ft. from the end bearing.
All strands are fully bonded at this location.

According to $5.7.3.3.2, unless otherwise specified, at any section of a flexural
component, the amount of prestressed and nonprestressed tensile reinforcement shall be
adequate to develop a factored flexural resistance, My, at least equal to the lesser of:

1.2 times the cracking strength determined on the basis of elastic stress
distribution and the modulus of rupture, f, on the concrete as specified in
$5.4.2.6.

OR
1.33 times the factored moment required by the applicable strength load
combinations specified in Table 3.4.1-1.

The cracking moment, M, is calculated as the total moment acting on the beam when
the maximum tensile stress equals the modulus of rupture.
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fi = -R/Ag— P&/Sy + Monc/Sp + Mpc/Sec + M/Sie

where:
Mpne = factored using Service | limit state, see Table 5.3-1
= 3,511 k-ft

Mpc = factored using Servicel limit state, see Table 5.3-1
= 384 k-ft

P = 1:pfAstranoN strands
=1,096.2 k (from Table 5.6-2)

Ay =1,085irf

&u5 =31.38in.

S, =20157in’

S =26,855in

fr =024,ff¢ (S5.4.2.6)
= 0246
= 0.587 ksi

-1,006.2 1,096.2(31.38) .\ 3,511(12) .\ 384(12) LM
1,085 20,157 20157 26,855 26,855

0587 =

Solving for M, the additional moment required to cause cracking, in this equation:

M = 27,983/12
= 2,332 k-ft

Mo =Mpnc+ Mpc+M
= 3,511 + 384 + 2,332
= 6,227 k-ft

1.2M¢ = 1.2(6,227)
= 7,472 k-ft

The applied factored moment, M, taken from Table 5.3-2 is 8,456 k-ft (Strength I)
1.33(8,456) = 11,246 k-ft
M; has to be greater than the lesser of 1.2M; and 1.33M,, i.e., 7,472 k-ft.

M, aso has to be greater than the applied factored load M, = 8,456 k-ft (strength
requirement)

M, = 10,697 k-ft, therefore, both provisions are OK
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Design Step
5.6.5

Design Step
56.5.1

Continuity connection at intermediate support

Negative moment connection at the Strength limit state

Determine the deck steel at the intermediate pier.
Based on preliminary calculations, the top and bottom longitudinal reinforcement of the
deck are assumed to be #6 bars at 5.5 in. spacing and #6 bars at 8.5 in. spacing,
respectively (see Figure 5.6-5).
Calculate the total area of steel per unit width of dlab:

As = Aualspacing (irf/in.)

For top row of bars: Astop = 0.44/5.5

=0.08irf/in.
For bottom row of bars: Aspot = 0.44/8.5

=0.052 ir/in.
Therefore, As =0.08+ 0.052

=0.132irf/in.

Calculate the center of gravity of the slab steel from the top of the slab. Calculations are
made from the top of the total thickness and include the integral wearing surface in the
total thickness of dab. (See Figure 4-16)

Top mat (B1): CGSiop = Coveliop + Didys main rein. + ¥2 Diays
=25+ 0.625 + %2 (0.75)
=35in.

Bot. mat (B2): CGSpot = tgap— Coverpot — Didws main rein. — Y2 Diaws
=8-1-0.625-%2(0.75)
=6in.

Center of gravity of the deck longitudina reinforcement from the top of the deck:

CGS = [As top(CGS[op) + As bot(CGSbot)]/As
=[0.08(3.5) + 0.052(6)]/0.132

= 4.48in. from the top of dab (3.98 in. from the top of the structural
thickness)
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Calculate the depth to the slab steel from the bottom of the beam. The haunch depth is
ignored in the following calculations.

ds = girder + dab - CGS
=72+8-4.48
=75.521n.

The specification is silent about the strength of the concrete in the connection zone.
Many jurisdictions use the girder concrete strength for these calculations. This reflects
observations made during girder tests in the past. In these tests, the failure always
occurred in the girder. This behavior is due to the confinement of the diaphragm
concrete in the connection zone provided by the surrounding concrete. This confinement
increases the apparent strength of the diaphragm concrete compared to the unconfined
strength measured during typical testing of concrete cylinders.

Assume the neutral axis is in the bottom flange (rectangular behavior), therefore,
f¢ = f¢ peam = 6.0ks
b1 = D1, peam = 0.75 (corresponds to the 6.0 ksi corcrete, S5.7.2.2)
b = width of section = width of girder bottom flange = 28 in.
Calculate c,
c =Asf,/0.85b1f¢th (S5.7.3.1.1-4, modified)
where:

As = areaof reinforcement within the effective flange
width of 111 in. (irf)

= Adsan
= (0.132)(111)
=14.65ir?

f, =60ks

f¢ =6.0ks

b, =0.75

b =28in.

¢ =14.65(60)/[0.85(0.75)(6.0)(28)]

=8.21 in., which is approximately equal to the thickness of the bottom flange
of the beam (8 in.), therefore, the section is checked as a rectangular
section. If “c” was significantly larger than the thickness of the bottom
flange, areduction in the section width should be considered.
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Calculate the nominal flexural resistance according to S5.7.3.2.1 and the provisions for a
rectangular section.

Mn = Adf, (ds— &/2)

where:

a =b;c
=0.75(8.21)
=6.16in.

ds =7552in.

My, = 14.65(60)[75.52 — (6.16/2)]/12
= 5,306 k-ft

The factored flexura resistance, M,, is

where:
J ¢ = 0.9 for flexure in reinforced concrete (S5.5.4.2.1)

M, = 0.9(5,306)
= 4,775 k-t

Check moment capacity versus the maximum applied factored moment at the
critical location

Critical location is at the centerline of pier.
Strength | limit state controls.

My =4,729 k-ft (see Table 5.3-2) < M, =4,775k-ft OK

Check servicecrack control (S5.5.2)

Actions to be considered at the service limit state are cracking, deformations, and
concrete stresses, as specified in Articles $5.7.3.4, $.7.3.6, and $5.9.4, respectively.
The cracking stress is taken as the modulus of rupture specified in $5.4.2.6.

Components shall be so proportioned that the tensile stress in the mild sted
reinforcement at the service limit state does not exceed f, determined as:

fa  =2Z/(dA)”® £ 0.6f, =0.6(60) = 36 ksi

Task Order DTFH61-02-T-63032 5-69



Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

where;

Z = crack width parameter (kip/in.)
=170 kip/in. (for members in moderate exposure conditions; the
example bridge is located in a warm climate (Atlanta) where the use
of deicing saltsis possible, but not likely)

dc. =depth of concrete measured from extreme tension fiber to center of
bar or wire located closest thereto (in.); for calculation purposes, the
thickness of clear cover used to compute d. shall not be taken to be
greater than 2.0 in.
= concrete cover + Y2 secondary rein.
=2.0+%(0.75) = 2.375in. (seeFigure 5.6-4)

A =area of concrete having the same centroid as the principal tensile
reinforcement and bounded by the surfaces of the cross-section and
a straight line paralel to the neutral axis, divided by the number of
bars or wires (irf); for calculation purposes, the thickness of clear
concrete cover used to compute “A” shall not be taken to be greater
than 2.0in.
=[2(2.0) + 0.75]5.5/1 bar = 26.125 irf/bar (see Figure 5.6-4)
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Design Step
5.6.5.2

fo = 170/[2.375(26.125)]V®
=42.94ks > 0.6f, = 36 kg, therefore, use fx = 36 ksi

Connection moment at Service | limit state is 2,858 k-ft (see Table 5.3-2)
Assuming: Section width is equal to beam bottom flange width = 28 in.

Modular ratio = 6 for 6 ks concrete

Areaof steel = 14.65 ir?
At service limit state, the depth of the neutral axis and the transformed moment of inertia
under service loads may be calculated using the same procedure used earlier in the
example (Section 4). The neutral axisis 18.86 in. from the bottom of the beam.

Maximum service stressin the steed =33.74ks < 36 ks OK

Positive moment connection

For jurisdictions that consider creep and shrinkage in the design, it islikely that positive
moment will develop at intermediate piers under the effect of prestressing, permanent
loads and creep and shrinkage. These jurisdictions provide reinforcement at the bottom
of the beams at intermediate diaphragms to resist the factored positive moment at these
locations.

For jurisdictions that do not consider creep and shrinkage in the design, it is unlikely
that live load positive moments at intermediate supports will exceed the negative
moments from composite permanent loads at these locations. This suggests that there is
no need for the positive moment connection. However, in recognition of the presence of
creep and shrinkage effects, most jurisdictions specify some reinforcement to resist
positive moments.

Two forms of the connection have been in use:

1) Figure 5.6-5 shows one alternative that requires extending some of the
prestressing strands at the end of the girder into the intermediate diaphragm.
Due to the small space between girders, these strands are bent upwards into the
diaphragm to provide adequate anchorage. Only strands that are fully bonded
are used for the positive moment connection.

2) The second alternative requires adding mild reinforcement bars as shown in
Figure5.6-6. This alternative may lead to congestion at the end of the beam due
to the presence of the prestressing strands at these locations.

Typical details of the top of the pier cap for expansion and fixed bearings are shown
schematically in Figures 5.6-7 and 5.6-8.
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deck main reinforcement
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deck main reinforcement
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Figure5.6-7 — Typical Diaphragm at | ntermediate Pier (Expansion Bearing)
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Figure5.6-8 — Typical Diaphragm at Intermediate Pier (Fixed Bearing)
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Design Step
5.6.6

Design Step
5.6.7

Fatiguein prestressed steel (S5.5.3)

Article $.5.3 states that fatigue need not be checked when the maximum tensile stressin
the concrete under Service Il limit state is taken according to the stress limits of Table
$.9.4.2.2-1. The stress limit in this table was used in this example and, therefore,
fatigue of the prestressing steel need not be checked.

Camber (S5.7.3.6)
The provisions of 2.5.2.6 shall be considered.

Deflection and camber calculations shall consider dead load, live load, prestressing,
erection loads, concrete creep and shrinkage, and steel relaxation. For determining
deflection and camber, the provisions of Articles $4.5.2.1, $4.5.2.2, and $.9.5.5 shall

apply.

Instantaneous deflections are computed using the modulus of elasticity for concrete as
specified in $5.4.2.4 and taking the gross moment of inertia, 14, as allowed by $5.7.3.6.2.

Deflection values are computed based on prestressing, girder self-weight, slab,
formwork, exterior diaphragm weight, and superimposed dead load weight. Camber
values are computed based on initial camber, initial camber adjusted for creep, and final
camber. Typically, these calculations are conducted using a computer program.
Detailed calculations are presented bel ow.

Deflection dueto initial prestressing is computed as:
Drs = -(Pied?)/(8Eilg) (for straight bonded strands)
Dris  =-RedL? — (Lt + 2Lx)*]/(8Eqly) (for debonded strands)

where:
P. = applied load acting on the section (kips)
es = eccentricity of the prestressing force with respect to the
centroid of the cross section at the midspan of the beam (in.)
L = span length (ft.)
L: = transfer length of the strands (in.)
Lx = distance from end of beam to point where bonding commences (in.)
E; = modulus of easticity of concrete at transfer (ksi)
lg = moment of inertia (in’)

The negative sign indicates upward deflection.

Computer software is generally used to determine the deflections due to each loading.
However, sample calculations are provided for this example.
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See Table 5.5-1 for prestressing forces.

Group 1 strands: 32 fully bonded strands
Initial prestressing force = 924.4 k

Distance from bottom of the beam to the neutral axis = 36.38 in.
Distance from the bottom of the beam to the centroid of Group 1 strands = 5.375in.

Deflection due to Group 1 strands:
Dris1 = -(Pred*)/(8Ecily)

-[924.4(36.38 — 5.375)[ 109(12)]%]/[8(4,200)(733,320)]

-1.99in. (upward deflection)

Group 2 strands. 6 strands debonded for 10 ft. from centerline of bearings
Transfer length = 30 in.
Initial prestressing force = 173.3 k

From Figures 2-5 and 2-6, the distance from the bottom of the beam to the centroid of
Group 2is4.0in.

Deflection due to Group 2 strands:

-RedL? — (Lt + 2Ly)?)/(8E:ly)
-173.3(36.38 — 4.0)[[109(12)]% — [30 + 2(10)(12)]%/[8(4,200)(733,320)]
-0.37in. (upward deflection)

Dris2

Group 3 strands. 6 strands debonded for 22 ft. from centerline of bearings
Transfer length = 30 in.
Initial prestressing force = 173.3 k

From Figures 2-5 and 2-6, the distance from the bottom of the beam to the centroid of
Group 3is4.0in.

Deflection due to Group 3 strands:

-RedL? — (Lt + 2Ly)?)/(8E:ly)
-173.3(36.38 — 4.0)[[109(12)]? — [30 + 2(22)(12)]?]/[8(4,200)(733,320)]
-0.32in. (upward deflection)

Dris3

Total initial deflection due to prestressing:

Dpistot =-1.99-0.37-0.32
=-2.68in. (upward deflection)

Task Order DTFH61-02-T-63032 5-76



Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

Notice that for camber calculations, some jurisdictions assume that some of the
prestressing force is lost and only consider a percentage of the value calculated above
(e.g. Pennsylvania uses 90% of the above value). In the following calculations the full
value is used. The user may revise these values to match any reduction required by the
bridge owner’ s specification.

Using conventional beam theory to determine deflection of simple span beams under
uniform load or concentrated loads and wsing the loads calculated in Section 5.2, using
noncomposite and composite girder properties for loads applied before and after the dab
is hardened, respectively, the following deflections may be cal cul ated:

Dsy = deflection due to the girder self-weight
=1.16in.

Ds = deflection due to the dlab, formwork, and exterior diaphragm weight
=112in.

Dsp. = deflection due to the superimposed dead |oad weight
=0.104in.

All deflection from dead load is positive (downward).

Design Step | Camber to determine bridge seat elevations
56.7.1

Initial camber, C;:

Ci = Dpisot + Daw
-2.68 + 1.16
-1.52in. (upward deflection)

Initial camber adjusted for creep, Cia:
Ca =GCC

where:
C, = constant to account for creep in camber (S5.4.2.3.2)

A 0.6
= 3'5kckf3'58_ i(_?t_-o.ng&
e

: S5.4.2.3.2-1
120"  100+(t- t,)*° ( )

ke =factor for the effect of the volume-to-surface area ratio of the
component as specified in Figure S5.4.2.3.2-1
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In order to determine k, the volume-to-surface area ratio needs to be
caculated. See Figure 2-3 for girder dimensions.

Beam area =1,085ir?

Beam volume =1,085(12)
= 13,020 in’fft

Surfacearea = 2,955.38 inf/ft

(V/IS) = 13,020/2,955.38
=4.406in.

Using Figure S5.4.2.3.2-1 or SC5.4.2.3.2-1, the correction factor, Ke, is
taken to be approximately 0.759.

ki = factor for the effect of concrete strength

=_ 1 (S5.4.2.3.2-2)

0
O.67+aa—°j
G5

1
= ——__ =0.748

0.67+82.20
e9%g

H =relative humidity from Figure S5.4.2.3.3-1
=70%

ti = ageof concrete when load isinitially applied
=1 day

t = maturity of concrete
= infinite
C; =3.5(0.759)(0.748)[1.58 — (70/120)](1)'0-118
=1.98
Therefore, the initial camber, Cia is:

Ca =-152(1.98)

-3.01in. (upward deflection)
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Fina camber, Cr:

Cr = Cja + Ds+ DspL
=-301+1.12+0.104
=-1.79in. (upward deflection)

This camber is used to determine bridge seat elevation.

Design Step | Haunch thickness
5.6.7.2

The haunch thickness is varied along the length of the girders to provide the required
roadway elevation. For this example, the roadway grade is assumed to be 0.0.
Therefore, the difference between the maximum haunch thickness at the support and the
minimum haunch thickness at the center of the beam should equal the final camber, i.e.,
1.79 in. in this example. Minimum haunch thickness is not included in the specifications
and is typicaly specified by the bridge owner. Figure 5.6-9 shows schematically the
variation in haunch thickness. Haunch thickness at intermediate points is typically
calculated using a computer program.

Roadway
Elevation

minimum haunch specified by
bridge owner

Maximum haunch = minimum haunch + final camber + change in roadway
grade + effect of difference in seat elevation at the ends of the beam

Concrete girder /

Figure 5.6-9 — Schematic View of Haunch

Design Step | Camber to determine probable sag in bridge
5.6.7.3

To eiminate the possibility of sag in the bridge under permanent loads, some
jurisdictions require that the above calculations for C- be repeated assuming a further
reduction in the initial P/S camber. The final Cr value after this reduction should show
upward deflection.
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Design Step
5.6.8

Optional live load deflection check

Service load deformations may cause deterioration of wearing surfaces and local
cracking in concrete slabs and in metal bridges which could impair serviceability and
durability, even if self l[imiting and not a potential source of collapse.

As early as 1905, attempts were made to avoid these effects by limiting the depth-to-span
ratios of trusses and girders, and starting in the 1930's, live load deflection limits were
prescribed for the same purpose. In a study of deflection limitations of bridges ASCE
(1958), an ASCE committee, found numerous shortcomings in these traditional
approaches and noted them. For example:

"The limited survey conducted by the Committee revealed no evidence of
serious structural damage that could be attributed to excessive deflection.
The few examples of damaged stringer connections or cracked concrete
floors could probably be corrected more effectively by changes in design
than by more restrictive imitations on deflection. On the other hand,

both the historical study and the results from the survey indicate clearly
that unfavorable psychological reaction to bridge deflection is probably
the most frequent and important source of concern regarding the
flexibility of bridges. However, those characteristics of bridge vibration
which are considered objectionable by pedestrians or passengers in
vehicles cannot yet be defined.”

Snce that time, there has been extensive research on human response to motion, and it is
now generally agreed that the primary factor affecting human sensitivity is acceleration
as opposed to deflection, velocity, or the rate of change of acceleration for bridge
structures, but the problem is a difficult subjective one. Thus, to this point in history
there are no simple definitive guidelines for the limits of tolerable static deflection or
dynamic motion. Among current specifications, the Ontario Highway Bridge Design
Code of 1983 contains the most comprehensive provisions regarding vibrations tolerable
to humans.

The deflection criteriain 2.5.2.6.2 is considered optional. The bridge owner may select
to invoke this criteria if desired. If an Owner chooses to invoke deflection control, the
following principles may apply:

when investigating the maximum absolute deflection, all design lanes should be
loaded, and all supporting components should be assumed to deflect equally,

for composite design, the design cross-section should include the entire width of
the roadway and the structurally continuous portions of the railings, sidewalks
and median barriers

when investigating maximum relative displacements, the number and position of
loaded lanes should be selected to provide the worst differential effect,
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the live load portion of load combination Service | of Table S3.4.1-1 should be
used, including the dynamic load allowance, IM

the live load shall be taken from S3.6.1.3.2,
the provisions of S3.6.1.1.2 should apply,

for skewed bridges, a right cross-section may be used; for curved and curved
skewed bridges a radial cross-section may be used.

If the Owner invokes the optional live load deflection criteria, the deflection should be
taken asthe larger of:

That resulting from the design truck alone, or

That resulting from 25 percent of the design truck taken together with the design
lane load.

According to S2.5.2.6.2, the deflection criteria for vehicular live load limits deflection to
L/800.

110(12)/800 = 1.65 in.
The calculated live load deflection determined by using computer software is 0.324 in.

0.324in. < 1.65in. OK
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5.7
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Prestressed Concrete Bridge Design Example

SHEAR DESIGN
(S5.8)

Shear design in the AASHTO-LRFD Specifications is based on the modified compression
field theory. This method takes into account the effect of the axial force on the shear
behavior of the section. The angle of the shear cracking, ?, and the shear constant, 3,
are both functions of the level of applied shear stress and the axial strain of the section.
Figure S5.8.3.4.2-1 (reproduced below) illustrates the shear parameters.

-— {-/ ©
0.5h A
o
l V, cotf d €
T N, -~ v —T—
Flexural [ /
0.5 tension v, €, 8.5d,
Al side {If ‘,(f (‘(/ f/ T l
Section Sectional Diagonal Equivalent Longitudinal

Forces Cracks Forces Strains

Figure S5.8.3.4.2-1 - lllustration of Shear Parameters for Section Containing at
Least the Minimum Amount of Transver se Reinfor cement, V, = 0.

The transverse reinforcement (stirrups) along the beam is shown in Figure 5.7-1. Table
5.7-1 lists the variables required to be calculated at several sections along the beam for
shear analysis.

A sample calculation for shear at severa sections follows the table.

Notice that many equations contain the term V, the vertical component of the

prestressing force. Snce draped strands do not exist in the example beams, the value of
Vp istaken as 0.
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Table5.7-1 Shear Analysisat Different Sections

c c
Dist®| A | AQ | ces? | d® éﬁf::i”e'_ (bTeiZf,tl';’r')‘ 51272 0.9de | dv® | Vu® v, 0| Vi€ |m, 2| mud,
havior)(s) o
(ft.) (in) (in%) (in.) (in.) (in.) (in.) (in.) (in.) (in.) | (kips) | (kips) (Kip-ft) | (kips)
7.00 4.90 5.375 | 74.13 4.06 #N/A 72.40 | 66.71 | 72.40 | 340.4 | 0.00 |0.1088 | 2,241 | 371.4
11.00 5.26 5.279 | 74.22 4.35 #N/A 72.37 | 66.80 | 72.37 | 315.1 | 0.00 |0.1008 | 3,393 | 562.6
16.50 5.81 5.158 | 74.34 4.80 #N/A 72.30 | 66.91 | 72.30 | 280.7 | 0.00 |0.0899 | 4,755 | 789.2
22.00 5.81 5.158 | 74.34 4.80 #N/A 72.14 | 66.91 | 72.14 | 246.7 | 0.00 |0.0790 | 5,897 | 978.7
27.50 6.73 5.000 | 74.50 5.55 #N/A 72.14 | 67.05 | 72.14 | 213.4 | 0.00 |0.0685 | 6,821 |1,134.6
33.00 6.73 5.000 | 68.37 5.5 #N/A 72.14 | 67.05 | 72.14 | 180.6 | 0.00 |0.0579 | 7,535 |1,253.3
38.50 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 148.3 | 0.00 |0.0476 | 8,063 |1,341.2
44.00 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 116.7 | 0.00 [0.0374 | 8,381 |1,394.1
49.50 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 85.7 0.00 |0.0275| 8,494 |1,412.9
54.50 6.73 5.000 | 68.37 D55 #N/A 72.14 | 67.05 | 72.14 | 118.4 | 0.00 |0.0380 | 8,456 |1,406.5
55.00 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 121.3 | 0.00 |0.0389 | 8,440 |1,403.9
60.50 6.73 5.000 | 68.37 DE55 #N/A 72.14 | 67.05 | 72.14 | 153.5| 0.00 |0.0492 | 8,163 |1,357.8
66.00 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 185.7 | 0.00 |0.0596 | 7,690 [1,279.1
71.50 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 217.9 | 0.00 |0.0699 | 7,027 |1,168.8
77.00 6.73 5.000 | 68.37 5.55 #N/A 72.14 | 67.05 | 72.14 | 250.0 | 0.00 |0.0802 | 6,180 |1,028.0
82.50 6.73 5.000 | 74.50 5.5 #N/A 72.14 | 67.05 | 72.14 | 282.0 | 0.00 |0.0905 | 5,158 | 858.0
88.00 5.81 5.158 | 74.34 4.80 #N/A 72.30 | 66.91 | 72.30 | 313.8 | 0.00 |0.1005 | 3,966 | 658.2
93.50 | 5.817 [ 14.65 5.158 | 75.52 8.21 #N/A 72.44 | 67.97 | 72.44 | 345.4| 0.00 [(0.1104 | -393 65.1
99.00 | 4.907 [ 14.65 5.375 | 75.52 8.21 #N/A 72.44 | 67.97 | 72.44 | 376.8 | 0.00 [0.1204 | -1,535| 254.3
102.50| 4.90” [ 14.65 [ 5.375 [ 75.52 8.21 #N/A 72.44 | 69.97 | 72.44 | 396.6 | 0.00 |0.1267 | -2,489| 412.3
R . Max.

(ft.) (kips) (kips) | (kips) (strain) (strain) (kips) | (in.) (kips) | (kips) (kips)

7.00 [ 926.1 | 22.60 | 408.9 | -145.8( -0.000520 | -0.000026 | 22.60 3.05 |136.7| 16.0 260.9 (307.8] 1.051 | 967
11.00 | 994.1 | 22.80 | 374.8 | -56.7 | -0.000190 | -0.000010 [ 22.80 3.07 | 137.6| 18.0 229.5 | 317.3| 1.049 | 1,123
16.50 |1,098.1] 22.33 | 341.7 | 32.8 | 0.000100 | 0.000100 | 24.75 2.99 [133.9| 21.0 179.2 [ 305.6| 1.004 | 1,272
22.00 (1,098.1| 28.66 | 225.7 | 106.3 [ 0.000320 | 0.000320 | 28.66 2.74 |122.7| 20.0 158.7 (311.1] 1.027 | 1,335
27.50 (1,272.0| 26.03 | 218.4| 81.0 | 0.000210 | 0.000210 | 26.03 3.02 [ 134.9| 24.0 147.7 (329.0] 1.192 | 1,469
33.00 (1,272.0| 28.55 | 165.9 | 147.2 | 0.000380 | 0.000380 | 29.53 2.68 |119.7| 24.0 127.4 (321.2] 1.232 | 1,495
38.50 (1,272.0| 31.30 | 122.0 | 191.2 | 0.000500 | 0.000500 | 31.30 2.54 |113.5| 24.0 118.7 (317.7] 1.409 | 1,515
44.00 |1,272.0f 31.30 | 96.0 | 218.1 | 0.000570 | 0.000570 | 32.10 2.49 |111.2| 24.0 115.0 | 316.8| 1.744 | 1,509
49.50 |11,272.0f 31.30 | 70.5 | 211.4 | 0.000550 | 0.000550 | 31.30 2.54 |113.5| 24.0 118.7 (318.1| 2.438 | 1,472
54.50 (1,272.0| 32.10 | 94.4 | 228.9 | 0.000600 | 0.000600 | 32.10 2.49 |111.2| 24.0 115.0 | 315.8| 1.720 | 1,525

55.00 (1,272.0| 32.10 | 96.7 | 228.6 [ 0.000600 | 0.000600 | 32.10 2.49 |111.2| 24.0 115.0 | 315.8] 1.678 | 1,527
60.50 (1,272.0| 31.30 | 126.2 | 212.0 [ 0.000550 | 0.000550 | 31.30 2.54 |113.5| 24.0 118.7 (316.2| 1.362 | 1,541
66.00 (1,272.0| 29.53 | 163.9 | 171.0 [ 0.000450 | 0.000450 | 30.50 2.59 |115.7| 24.0 122.5 (318.8| 1.155 | 1,526
71.50 (1,272.0| 27.28 | 208.5 | 105.3 [ 0.000270 | 0.000270 | 27.85 2.85 | 127.3| 24.0 138.1 [ 238.9| 1.097 | 1,500
77.00 (1,272.0| 23.83 | 283.0 | 39.0 | 0.000100 | 0.000100 | 24.45 3.16 |141.2| 24.0 158.7 [269.9] 1.080 | 1,465
82.50 (1,272.0| 22.33 | 343.2 | -70.8 | -0.000180 | -0.000012 | 22.33 3.29 |147.0| 21.0 175.6 |290.3| 1.030 | 1,407
88.00 (1,098.1| 22.80 | 373.2 | -66.7 | -0.000200 | -0.000012 | 22.80 3.07 | 137.4| 19.0 217.3 [319.2] 1.017 | 1,229
93.50 (1,098.19 30.20 | 296.7 | 361.8 [ 0.000430 | 0.000430 | 30.20 2.56 |114.8| 11.0 271.6 | 347.8| 1.007 | #N/A
99.00 [926.17[ 33.65 | 283.0 | 537.3 [ 0.000630 | 0.000630 | 33.65 2.30 (103.2] 8.0 326.5 | 386.7| 1.026 | #N/A
102.50 [926.1°[ 35.17 [ 281.4 [ 693.7 [ 0.000820 | 0.000820 | 35.81 2.19 | 98.2 7.0 344.3 |398.3| 1.004 | #N/A
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Design Step 5— Design of Superstructure Prestressed Concrete Bridge Design Example

Notes:

(1) Distance measured from the centerline of the end support. Calculations for Span 1 are shown.
From symmetry, Span 2 isamirror image of Span 1.

(2) Prestressing steel is on the compression side of the section in the negative moment region of the
girder (intermediate pier region). This prestressing steel is ignored where the area of steel in an
equation is defined as the area of steel on the tension side of the section.

(3) Area of continuity reinforcement, i.e., the longitudinal reinforcement of the deck slab within the
effective flange width of the girder in the girder negative moment region.

(4) Distance from the centroid of the tension steel reinforcement to the extreme tension fiber of the
section. In the positive moment region, thisis the distance from the centroid of prestressing strands
to the bottom of the prestressed beam. In the negative moment region, thisis the distance from the
centroid of the longitudinal deck slab reinforcement to the top of the structural deck slab (ignore the
thickness of the integral wearing surface).

(5) Effective depth of the section equals the distance from the centroid of the tension steel
reinforcement to the extreme compression fiber of the section. In the positive moment region, this
is the distance from the centroid of the prestressing strands to the top of the structural deck slab
(ignore the thickness of the integral wearing surface). In the negative moment region, this is the
distance from the centroid of the longitudinal deck slab reinforcement the bottom of the prestressed
beam. The effective depth is calculated as the total depth of the section (which equals the depth of
precast section, 72 in. + structural deck thickness, 7.5 in. = 79.5 in.) minus the quantity defined in
note (4) above.

(6) Distance from the extreme compression fiber to the neutral axis calculated assuming rectangular
behavior using Eqg. S5.7.3.1.1-4. Prestressing steel, effective width of slab and slab compressive
strength are considered in the positive moment region. The slab longitudinal reinforcement, width
of the girder bottom (compression) flange and girder concrete strength are considered in the
negative moment region.

(7) Distance from the extreme compression fiber to the neutral axis calculated assuming T-section
behavior using Eq. S5.7.3.1.1-3. Only applicableif the rectangular section behavior proves untrue.

(8) Effective depth for shear calculated using S5.8.2.9.

(99 Maximum applied factored |oad effects obtained from the beam load analysis.

(10) Vertical component of prestressingwhich is0.0 for straight strands

(11) The applied shear stress, v, calculated as the applied factored shear force divided by product of
multiplying the web width and the effective shear depth.

(12) Only the controlling case (positive moment or negative moment) is shown.

(13) In the positive moment region, the parameter fy, is taken equal to 0.7fy, of the prestressing steel as
alowed by S5.8.3.4.2. This value is reduced within the transfer length of the strands to account for
the lack of full development.

(14) Starting (assumed) value of shear crack inclination angle, g, used to determine the pa